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 Kinetochores are conserved protein complexes that bind the centromeres in 
replicated chromosomes to the mitotic spindle and then direct their segregation. To better 
comprehend Saccharomyces cerevisiae kinetochore function, we investigated the 
phospho-regulated dynamic interaction between the conserved kinetochore protein 
Cnn1CENP-T, the centromere region and the Ndc80 complex through the cell cycle. Cnn1 
localizes to kinetochores at basal levels from G1 through metaphase but accumulates 
abruptly at anaphase onset. How Cnn1 is recruited and which activities regulate its 
dynamic localization is unclear. We show that Cnn1 harbors two kinetochore-localization 
activities: a C-terminal histone-fold domain that associates with centromere region, and a 
N-terminal Spc24/25-interaction sequence that mediates linkage to the microtubule-
binding Ndc80 complex. We demonstrate that a previously established Ndc80 binding 
site in the N-terminus of Cnn1, Cnn160-84, should be extended to include flanking residues, 
Cnn125-91, to allow near maximal binding affinity to Ndc80.  Cnn1 localization was 
proposed to depend on Mps1 kinase activity at Cnn1-S74 based on in vitro experiments 
demonstrating the Cnn1-Ndc80 complex interaction. We demonstrate that in G1 through 





interaction sequence because deletion or mutation of either region results in anomalous 
Cnn1 kinetochore levels. Endogenous expression of the N-terminal region is sufficient to 
localize to the kinetochore demonstrating the availability to bind to Cnn1 and indicating 
the presence of the Cnn1-kinetchore linkages throughout the cell cycle. At anaphase 
onset (when Mps1 kinase activity decreases) Cnn1 becomes enriched mainly via the N-
terminal Spc24/25-interaction sequence confirming previous studies using full-length 
Cnn1. In sum, we provide the first in vivo evidence of Cnn1 pre-anaphase linkages with 
the kinetochore and enrichment of the linkages during anaphase with this interaction 
sequence. 
 Cse4 is a centromere-specific nucleosomal protein that has a similar motif 
organization to Cnn1 in that it has a histone-fold and a N-terminal tail sequence.  
Shugoshin (Sgo1) is also reported to localize to the centromere and pericentromere and is 
a key component in tension-sensing as a result of bi-polar attachment. We demonstrate a 
novel interaction between Sgo1 and Cse4 (yeast ortholog of CENP-A) at the centromere 
using yeast two-hybrid, live cell imaging and co-immunoprecipitation assays. We 
mapped this interaction to the first 132 residues of Sgo1 and the Cse4 N-terminal tail. 
Using mutational analysis, we identified several regions including a basic patch, S105 
site and a putative coiled-coil region in Cse4 involved in the Sgo1 interaction. In sum, the 
identification of the Cse4-Sgo1 interaction is a key determinant in recruiting Sgo1 to the 






CHAPTER 1. INTRODUCTION 
1.1 Cell cycle 
 The cell cycle is a fundamental process where a mother cell produces two 
identical daughter cells with equal distribution of its genetic material. The cell cycle 
process describes distinct phases of eukaryotic cell growth and development. It consists 
of a highly regulated sequence of events divided into four major phases: G1 (gap 1), S 
(synthesis), G2 (gap 2) and M (mitosis) (Figure 1-1). G1, S and G2 are together known as 
interphase.  At G1, cells usually grow in size and initiate a new cycle. At this stage, cells 
can either enter G0 (gap 0), also known as quiescent (non-dividing) state or return to G1. 
Following cell cycle initiation, chromosome duplication occurs at S phase and cells 
continue to grow and prepare for mitosis at G2.  At M phase, nuclear division occurs 
followed by cytokinesis (cell division), which ultimately results into two daughter cells.  
 Mitosis is further classified into five phases: prophase, prometaphase, metaphase, 
anaphase and telophase (Figure 1-1 and Figure 1-2). During prophase, the newly 
synthesized chromosomes condense and nuclear breakdown occurs. At prometaphase, bi-
polar mitotic spindles form at the microtubule organizing center, centrosome (known as 
spindle pole body (SPB) in budding yeast), which captures the chromosomes and allow 
congression at the metaphase plate (spindle equator). A proteinaceous complex known as 





chromosome and the spindle. During metaphase, all the chromosomes are aligned at the 
metaphase plate and a surveillance mechanism known as the spindle assembly checkpoint 
(SAC) ensures correct kinetochore-spindle attachments. After SAC is satisfied, cells 
progress to anaphase where chromosome segregation is initiated by moving the sister 
chromatids towards the opposite spindle poles followed by chromosome decondensation 
at telophase. The nuclear envelope is reformed and the cells exit mitosis with two 
identical daughter cells following cytokinesis. Most eukaryotes have “open” mitosis such 
as the one described here, where the nuclear envelope breaks down before the initiation 
of mitosis. In contrast, budding yeast undergo “closed” mitosis with an intact and SPB 
embedded in the nuclear envelope (De Souza and Osmani, 2007; Guttinger et al., 2009). 
 At every transition phase of the cell cycle, chromosomes are monitored for 
attachment errors via several checkpoint proteins. One of the major checkpoints involved 
during mitosis includes SAC, also known as the spindle checkpoint or mitotic checkpoint. 
The SAC ensures high fidelity of chromosome segregation process by inducing cell cycle 
arrest until microtubule attachment errors are resolved (London and Biggins, 2014; 
Musacchio and Salmon, 2007). In addition to and as part of these checkpoints, multiple 
protein kinases are involved in regulating cell division. Such kinases include the cyclin 
dependent kinases CDK1 (Cdc28), Polo like kinase, Aurora B kinase (Ipl1), Bub1 and 












Figure 1-1 Schematic depicting various stages of eukaryotic cell cycle.  
Cell cycle consists of four major phases: G1 (gap1), S (synthesis), G2 (gap 2) 
(collectively called interphase) and M (mitosis) phase. At G1, cells can either enter G0 
(gap 0) known as quiescent state or return to G1 and continue the cycle. Mitosis is further 
divided into five phases: prophase, prometaphase, metaphase, anaphase and telophase. 












Figure 1-2 Structure of the kinetochore-spindle attachment at different stages of 
vertebrate mitosis.  
At prophase, the newly synthesized chromosomes begin to condense and centrosomes 
separation is initiated. At prometaphase, bi-polar spindles are formed that connects the 
chromosomes via kinetochores. All the chromosomes are aligned at the spindle equator 
during metaphase. At anaphase (subdivided into anaphase A and anaphase B), the sister 
chromosomes are pulled towards the opposite poles. At telophase, the chromosomes 
begin to decondense and the nuclear envelope starts to reappear. Following cytokinesis, 
two daughter cells are formed, which continue the cell cycle again. (Reprinted by 
permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cell Biology] 






 Defects in cell cycle machinery can lead to aberrant number of chromosomes 
(aneuploidy) and genomic instability. Aneuploidy is a hallmark of cancer and is 
associated with congenital birth defects. Cell cycle studies has been an area of active and 
extensive research; understanding the processes involved in cell cycle has led to 
discovery of drugs that target many diseases such as cancer. Most common drugs used 
for treatment of cancer in clinical settings include microtubule-targeting agents (MTAs). 
Antitumor agents such as vinca alkaloids inhibit polymerization of microtubules 
(microtubule destabilizers) whereas taxanes prevent depolymerization of microtubules  
(microtubule stabilizers) (Dominguez-Brauer et al., 2015). Although these therapies are 
effective in treating numerous types of cancers, there are harmful side effects associated 
with these current drugs. First, these drugs have cytotoxic effects to normal cells and are 
associated with neurodegenerative pathology.  Second, the cancer cells develop resistance 
to these drugs due to high mutation rates. Therefore, alternative therapies that specifically 
target mitotic cells need significant attention, so that the non-dividing cells are not 
affected. Newer therapies have been established that target genomic instability, which are 
under clinical trials (Dominguez-Brauer et al., 2015; Marzo and Naval, 2013). While the 
molecular details of mitosis are reasonably understood, the key players that regulate this 
process need to be investigated further. Components of the mitotic machinery are like 
pieces of a puzzle, solving the full puzzle is a major challenge in the field. However, 
recent advancements using elegant cell biology, structural analysis and biochemical 
assays are progressively shedding light onto the mechanisms and components of mitotic 
regulation. Our work establishes the molecular interactions of a key set of kinetochore-





mechanistic piece to the mitotic puzzle. Further understanding of cell cycle regulation 
and function at the molecular level will ultimately provide the foundation for newer 
therapeutic approaches to cancer. 
 In this chapter, I will be focusing on the key mitotic structures such as the 
kinetochore components that provide centromere and spindle connections important in 
budding yeast segregation. In addition, other kinetochore components that are essential in 
sensing tension are also discussed. Many mitotic processes are similar in higher 
eukaryotes and I will be highlighting key similarities and differences as well throughout 
my dissertation. 
1.2 Centromere nucleosome 
 A fundamental unit of DNA packaging known as the nucleosome consists of an 
octamer including two copies of H2A, H2B, H3 and H4 histones (Luger et al., 1997). The 
core nucleosome particle is formed via the interaction with the C-terminal histone fold 
domains (HFDs) of each histone (Luger et al., 1997). The relatively unstructured N-
terminal region of the histones extends from the nucleosome core and facilitates the inter-
nucleosome interactions (White et al., 2001). These N-terminal histone tails also undergo 
various post-transitional modifications that are associated with many cellular processes 
such as replication, transcription, chromatin condensation and DNA repair (Kouzarides, 
2007a; Kouzarides, 2007b). A specific internal locus in each chromosome termed the 
centromere consists of a specialized nucleosome that ensures accurate chromosome 
segregation via recruitment of multi-protein kinetochore complexes. Budding yeast 





(Figure 1-3) (Biggins, 2013; Cheeseman, 2014; Fukagawa and Earnshaw, 2014). Point 
centromeres comprise of three conserved specific DNA regions known as centromere 
DNA element (CDEI, CDEII and CDEIII) (Stoler et al., 1995). The CDEs are an 
exclusive feature of budding yeast and act as a landmark for centromere identity (Biggins, 
2013; Cheeseman, 2014). CDEI is recognized by centromere binding factor 1 (CBF1) and 
mutation in CDEI decreases the function of centromere (Saunders et al., 1988). Likewise, 
CDEII is the locus required for centromeric nucleosome assembly and alteration in 
CDEII is associated with high missegregation rate (Gaudet and Fitzgerald-Hayes, 1987). 
CDEIII associates with CBF3, and elimination of CBF3 binding at the centromere results 













Figure 1-3 Cartoon diagram of budding yeast point centromere.  
Point centromere consists of three DNA elements, CDEI, CDEII, and CDEIII. CDE1 
binds to the Cbf1 protein whereas CDEIII binds to the CBF3 complex. The CDEII 
element assembles centromeric nucleosome consisting of Cse4. Cse4 incorporation is 






 Most of the higher eukaryote centromeres are defined as regional centromeres, 
which span megabases of highly conserved repetitive DNA sequences known as α-
satellite arrays (Cleveland et al., 2003). Each alpha satellite is composed of 171 bp AT 
rich consensus sequence and is organized into higher order repeats (Vissel and Choo, 
1987). Regional centromeres are not specified by DNA sequences, instead they are 
defined epigenetically by the presence of histone variant CENP-A (Cse4 in budding yeast) 
(De Rop et al., 2012; Fukagawa and Earnshaw, 2014).  
 While budding yeast point centromere consists of a single Cse4 nucleosome, 
higher eukaryotes consist of multiple CENP-A (~3-30) nucleosomes per centromere and 
are distributed between H3 nucleosomes (Blower et al., 2002; Furuyama and Biggins, 
2007; Joglekar et al., 2008). The specific centromeric nucleosome structural model is still 
a subject of controversy (Black and Cleveland, 2011; Dunleavy et al., 2013). While 
several studies including elegant X-ray crystallography, biophysical analysis and cell 
biology studies have suggested an octameric Cse4CENPA nucleosome structure with two 
copies of H2A, H2B, Cse4CENPA and H4 (Aravamudhan et al., 2013; Camahort et al., 
2009; Kingston et al., 2011), others have proposed a hemisome centromeric nucleosome 
with one copy of H2A, H2B, Cse4CENPA and H4 (Dalal et al., 2007; Furuyama et al., 2013; 
Furuyama and Henikoff, 2009). Additional findings have suggested either a species-
specific nucleosome structure or a combination of both models depending on the cell 
cycle stage (BLACK and CLEVELAND 2011). However, a widely accepted model is the 
octameric nucleosome, which is supported by several lines of evidence (Figure 1-4). 
Although the size and features of centromere and the copy numbers of CENP-ACse4 are 





chromosome known as mono-centric chromosomes and essentially share common 












Figure 1-4 Octameric model of budding yeast centromeric nucleosome.  
The centromeric nucleosome in budding yeast replaces histone H3 with cenH3, Cse4. 
The octameric conformation consists of two copies of H2A, H2B, Cse4 and H4 that 
wraps around the DNA in a left-handed supercoil. Adapted from Molecular Cell 






 A distinguishing feature of the centromere is the presence of a centromere-
specific histone H3 variant, CenH3 (Cse4 in budding yeast and CENP-A in metazoans) 
(Fukagawa and Earnshaw, 2014; McKinley and Cheeseman, 2016). Cse4 is highly 
conserved throughout eukaryotes and is the major element necessary for chromosome 
segregation (Collins et al., 2005; Stoler et al., 1995). Strikingly, studies have 
demonstrated that Cse4 can complement the RNA interference induced depletion of 
CENP-A in HeLa cells indicating an analogous function in budding yeast and humans 
(Wieland et al., 2004). Cse4 is essential for cell viability and mutation can lead to severe 
defects in chromosome segregation (Collins et al., 2005; Keith et al., 1999; Samel et al., 
2012; Stoler et al., 1995). Alterations in localization of various inner and outer 
kinetochore components at the centromere were demonstrated in chicken DT40 or HeLa 
cells with reduced levels of CENP-A (Goshima et al., 2003; Regnier et al., 2005). In 
addition, using a LacO-LacI tethering system, ectopic tethering of CENP-A at non-
centromere regions of human osteosarcoma epithelial U2OS cells has shown to assemble 
functional kinetochores (Barnhart et al., 2011). Therefore, growing evidence indicates 
Cse4CENP-A as a primary interface for kinetochore assembly. 
 In budding yeast, specific centromere DNA sequences together with the presence 
of Cse4 act as the mark for centromere identity in kinetochore recruitment. Using a 
combination of chromatin immunoprecipitation and sequencing (CHIP-seq) analysis, a 
recent study identified yet another epigenetic feature specific for higher eukaryotes (Hori 





(H4K20me1) as a new epigenetic mark for CENP-A containing centromeres (Hori et al., 
2014). Together, the presence of CENP-A and H4K20me1 provide a platform for 
kinetochore assembly with regional centromeres.  
 Cse4 consists of C-terminal HFD that associates with the centromere and an N-
terminal tail essential for recruitment of kinetochores (Figure 1-5). The HFD of Cse4 is 
highly conserved with ~60% identity to the HFD of H3 (Malik and Henikoff, 2003). The 
HFD of Cse4CENP-A consists of centromere targeting domain known as CENP-A targeting 
domain (CATD) (Figure 1-5), which is an exclusive feature of centromeric histone 
variants. The presence of CATD was shown to be sufficient for CENP-A centromeric 
deposition (Black et al., 2004; Black et al., 2007; Cho and Harrison, 2011; Zhou et al., 
2011). The incorporation of Cse4CENP-A at the centromeric nucleosome is mediated via 
association with its specific conserved chaperone Scm3HJURP and the CATD (Camahort et 
al., 2007; Cho and Harrison, 2011; Dunleavy et al., 2009; Foltz et al., 2009; Mizuguchi et 
al., 2007; Zhou et al., 2011). The Cse4-Scm3 complex is further regulated by Mis18 
complex (Fujita et al., 2007; Hayashi et al., 2004; Maddox et al., 2007). The C-terminal 
region of Cse4CENP-A also mediates the interaction with Mif2CENP-C (another essential 
kinetochore component) independent of CATD (Guse et al., 2011; Kato et al., 2013) and 
this interaction is necessary for Cse4 function (Guse et al., 2011; Keith et al., 1999).  
 While the C-terminal region of Cse4 is highly conserved, its N-terminal tail is 
highly variable between species (Black and Cleveland, 2011). The N-terminus of Cse4 
has relatively low level of similarity in terms of both sequence as well as the length 
(Malik and Henikoff, 2003). Nonetheless, mutation in the N-terminal tail of Cse4 was 





(Chen et al., 2000; Keith et al., 1999; Samel et al., 2012). An extensive mutagenesis 
approach identified an essential N-terminal domain (END) as important for yeast cell 
viability and was delineated as residues 28-60 in the Cse4 N-terminal tail (Figure 1-5) 
(Chen et al., 2000). Genetic interaction analysis have identified that the mutations in 
END allele is synthetically lethal with genes encoding subunits of CBF3 and the COMA 
complex (Chen et al., 2000). In addition, the END is shown to interact with kinetochore 
components including Ctf19/Mcm21/Okp1 complex using yeast two-hybrid (Y2H) 
analysis (Chen et al., 2000; Ortiz et al., 1999). These lines of evidence suggest an 
important role for Cse4 N-terminus in kinetochore assembly. However, it is unclear how 
the tail mediates interaction with the kinetochore components and if this interaction is 
direct. Our study described in Chapter 3 indicates that the presence of arginine-rich 
patches at the END facilitates the interaction with Sgo1, a kinetochore and centromere-
associated protein. Furthermore, our findings suggest an additional region, predicted to be 














Figure 1-5 Schematic representation of the primary structure of Cse4.  
Blue represents END (essential N-terminal domain); green represents HFD (histone fold 





1.3 Kinetochore composition and function 
More than 60 proteins in budding yeast and 100 in humans assemble on the 
centromere to form a proteinaceous complex known as the kinetochore (Lampert and 
Westermann, 2011). Kinetochores ensure faithful chromosome segregation between the 
daughter cells by providing a point of attachment between centromeric DNA and 
microtubule during mitosis (Cheeseman, 2014; Malvezzi and Westermann, 2014). 
Budding yeast has a small kinetochore and its 16 kinetochores cluster as a single foci that 
is localized close to spindle pole body, when visualized using GFP-tagged kinetochore 
proteins (Roy et al., 2013). Nevertheless, its assembly at the centromere and function is 
highly complex and dynamically regulated via protein-protein interactions. Many of the 
kinetochore components are highly conserved in all the eukaryotes. In recent years, many 
of the features of overall kinetochore organization have been solved using the budding 
yeast as a model organism. The core conserved kinetochore in budding yeast consists of 
Cse4, COMA complex, Cnn1, Ndc80, Mtw1, Spc105 and Dam1. In addition, several 
components of SAC and motor proteins also comprise the kinetochore. Many other 
kinetochore components have been identified but the molecular and functional details of 
these proteins are still unclear (Cheeseman, 2014).  
1.4 Kinetochore assembly 
Kinetochores are divided into several complexes and components and each of 
them has specific roles in establishing chromosome segregation. Kinetochores are 





1-6. Whereas the inner kinetochores are in close proximity to the centromere and provide 
a DNA-protein platform, the outer kinetochores are in close proximity to microtubules 













Figure 1-6 Molecular architecture of budding yeast kinetochore. 
Inner kinetochores are in close proximity with the centromere and consist of CCAN 
(constitutive centromere associated network) proteins such as Cse4, Mif2, COMA 
complex and Cnn1 (not shown). Outer kinetochore is composed of KMN and Dam1 






1.4.1 Inner kinetochore 
 Inner kinetochores associate with the centromere region and provide a hub for 
kinetochore assembly (Cheeseman, 2014; Gascoigne and Cheeseman, 2011). A group of 
~16 centromere-associated proteins has been identified thus far and collectively defined 
as the constitutive centromere-associated network (CCAN) (McKinley and Cheeseman, 
2016; Perpelescu and Fukagawa, 2011). The CCAN resides at the centromere region 
throughout the cell cycle and most of them have orthologs in budding yeast. Depletion of 
any of the CCAN components leads to severe defects in kinetochore assembly and higher 
missegregation rates (Cheeseman and Desai, 2008).  
 The presence of histone H3 variant, CENP-ACse4, a CCAN component, at the 
centromere serves as an epigenetic marker for kinetochore assembly. One study 
demonstrated that ectopic targeting of CENP-A at a non-centromeric region generated 
artificial kinetochore at that region (Barnhart et al., 2011). On the other hand, another 
finding indicated that while CENP-A is required for kinetochore recruitment, it is not 
sufficient for a complete kinetochore activity (Gascoigne et al., 2011; Van Hooser et al., 
2001). Some kinetochores have been demonstrated to localize at the centromere 
independent of the CENP-A pathway. Another centromere associated kinetochore 
component known as CENP-T (Cnn1 in budding yeast) has shown to be important in 
kinetochore assembly as well. Ectopic targeting of CENP-T at non-centromeric regions 
allowed recruitment of functional kinetochores at that region (Gascoigne et al., 2011). 
Likewise, tethering of Cnn1 to an ectopic site allowed segregation of acentric mini-





demonstrated localization of Cse4 at artificial kinetochore (without the presence of 
canonical centromere sequence) to be dependent upon stable interactions with other 
kinetochore components (Ho et al., 2014). Together, CENP-A and CENP-T complexes 
are essential for kinetochore recruitment (Gascoigne et al., 2011).  
1.4.1.1 CENP-ACse4 
 The composition and function of Cse4 is discussed previously (see section 1.2.1). 
1.4.1.2 CENP-TCnn1 
 CENP-T (Cnn1 in budding yeast) is a centromere associated kinetochore protein 
that provides a linkage between the centromere and microtubule and coordinates 
kinetochore assembly. Prior work has indicated CENP-T as an essential CCAN required 
for cell viability in vertebrates; reduction in CENP-T level causes delay in mitosis and 
elevated rate of chromosome missegregation (Gascoigne et al., 2011; Hori et al., 2008). 
In contrast, Cnn1 is dispensable for yeast cell viability. Nonetheless, alteration of Cnn1 
expression levels leads to increased rates of chromosome missegregation (Bock et al., 
2012; De Wulf et al., 2003). In addition, CNN1 exhibits synthetic genetic interactions 
with numerous essential kinetochore components such as NDC80, MTW1, SPC105, 
DAM1, MIF2 and genes that encode the COMA complex (these kinetochore components 
are discussed in section 1.4.2) (Bock et al., 2012; Schleiffer et al., 2012). Although 
CENP-TCnn1 has a very low level of sequence homology with its orthologs (Schleiffer et 






1.4.1.2.1 Structure and function 
 CENP-TCnn1 consists of HFD at its C-terminal region and a conserved peptide 
motif at its N-terminal region (Schleiffer et al., 2012) (Figure 1-7), and both of these 
domains have independent roles in chromosome segregation fidelity. The C-terminal 
HFD of CENP-T in vertebrates exhibits DNA binding properties (Hori et al., 2008; 
Nishino et al., 2012) and is important for its function and localization at the centromere 
(Gascoigne et al., 2011; Hori et al., 2008; Nishino et al., 2012). CENP-TCnn1 forms a 
heterotetramer with CCAN components, CENP-W, -S, and -X (Wip1, Mhf1 and Mhf2 
respectively in budding yeast) via their HFDs (Amano et al., 2009; Hori et al., 2008; 
Nishino et al., 2012). The CENP-TWSX complex wraps around the DNA and induces 
positive supercoiling in vitro (Nishino et al., 2012; Takeuchi et al., 2014). In light of 
these findings, the CENP-TWSX complex is proposed to form a specialized nucleosome-
like particle (Nishino et al., 2012). The CENP-TWSX complex in vertebrates was shown 
to associate with H3 containing nucleosomes and is absent in CENP-A containing 
nucleosomes (Hori et al., 2008; Ribeiro et al., 2010). In contrary, the CENP-T complex in 
fission yeast is shown to be enriched at CENP-A nucleosomes (Thakur et al., 2015) and 
is suggested to interact with CENP-A N-terminal tails (Folco et al., 2015; Logsdon et al., 
2015). It is has yet to be determined if Cnn1 in budding yeast also exhibits DNA binding 
features or forms a similar nucleosome-like structure. Our findings presented in Chapter 
2 indicate that Cnn1 can be recruited at the centromere region via its HFD and the HFD 
plays a key role in maintaining kinetochore function (Thapa et al., 2015); suggesting 





 While the C-terminus HFD is important for centromere targeting, the N-terminal 
region of CENP-TCnn1 is critical for driving kinetochore assembly via recruitment of the 
Ndc80 complex (an outer kinetochore component). Using crystal structure studies and 
biochemical analysis, the N-terminal domain of CENP-TCnn1 was shown to directly 
associate with the Spc24/Spc25 heterodimer of the Ndc80 complex (Figure 1-8) (Bock et 
al., 2012; Gascoigne et al., 2011; Malvezzi et al., 2013; Nishino et al., 2013; Schleiffer et 
al., 2012; Wong et al., 2007). An extensive bioinformatics analysis determined the 
presence of conserved motif at the N-terminus of CENP-TCnn1 (Schleiffer et al., 2012) 
(Figure 1-7). This motif in budding yeast is shown to be necessary and sufficient for 
interaction with the Ndc80 complex (Malvezzi et al., 2013; Schleiffer et al., 2012). 
Ectopic targeting of Cnn1 at a non-centromere region induced segregation of mini-
chromosome plasmid without a centromere via recruitment of Ndc80 (Schleiffer et al., 
2012). In parallel to this, artificial tethering of CENP-T without its C-terminus in 
vertebrates at a non-centromeric locus also resulted in formation of a pseudo-kinetochore 
at that region (Gascoigne et al., 2011). Remarkably, our data presented in Chapter 2 
indicate that the Ndc80 complex can promote Cnn1 recruitment at the centromere region 
(in absence of its HFD) (Thapa et al., 2015), suggesting a non-nucleosomal population of 














Figure 1-7 Schematic of Cnn1.  
Blue represents SIS (Spc24/25 interaction sequence); green represents HFD (histone fold 










Figure 1-8 Structural model of CENP-TCnn1-Spc24-Spc25. 
Crystal structure of Cnn1 (residues 60-84), Spc24 (residues 155-213) Spc25 (residues 
133-221) in budding yeast (top); Protein Data Bank (PDB) coordinates file entry 4GEQ; 
Orange, light grey and slate blue represent Cnn1, Spc24, Spc25 respectively. Reproduced 
with permission from John Wiley and Sons (The EMBO Journal) (Malvezzi et al., 2013), 
Copyright 2013. Crystal structure of CENP-T (residues 63-98), Spc24 (residues 125-195) 
Spc25 (residues 132-234) in chicken (bottom); PDB coordinates file entry 3VZA; 
Magenta, cyan and green represent CENP-T, Spc24 and Spc25 respectively. Reproduced 
with permission from John Wiley and Sons (The EMBO Journal) (Nishino et al., 2013), 





1.4.1.2.2 Cnn1 regulation 
 Using fluorescence microscopy and western hybridization, Cnn1 was 
demonstrated to localize at the kinetochore depending on the cell cycle stage and its 
phosphorylation status (Bock et al., 2012). At G1, Cnn1 levels at the kinetochores are low 
and increase abruptly at anaphase onset. The recuitment profile of Cnn1 at the 
kinetochore is driven by its phosphorylation status (Bock et al., 2012). However, the 
mechanism of this dynamic localization of Cnn1 is currently unclear. Several kinases 
such as Mps1, Ipl1 and Cdc28 target Cnn1 both in vitro and in vivo (Bock et al., 2012; 
Breitkreutz et al., 2010; Cheeseman et al., 2002; De Wulf et al., 2009; Malvezzi et al., 
2013). However, the contribution of this phospho-regulated network still remains 
unknown. It is proposed that the activity of these kinases establishes the 
phosphothreshold needed to trigger Cnn1 enrichment at anaphase (Bock et al., 2012). 
 A recent study has shown that the localization of Ndc80 and phosphorylation 
status of CENP-T dictates the interaction between the two proteins (Gascoigne and 
Cheeseman, 2013). In mammals, the nuclear envelope dictates the exclusion of Ndc80 
complex from the nucleus until mitosis, but nuclear exclusion does not occur in budding 
yeast due to its closed mitosis nature. In addition, the CENP-T phosphorylation by CDK1 
in vertebrates enhances its association with the Ndc80 complex (Gascoigne and 
Cheeseman, 2013; Nishino et al., 2013). In contrast, Cdc28Cdk1 in budding yeast does not 
modulate the interaction with Ndc80 complex based on a plasmid segregation assay 
(Malvezzi et al., 2013) and Y2H analysis (Thapa et al., 2015). Instead, Mps1 kinase 
appears to be the master regulator for this interaction (Malvezzi et al., 2013; Thapa et al., 





regulates the localization and activity of Cnn1 at the kinetochore by targeting Cnn1-S74 
site (Thapa et al., 2015). 
 Since the Cnn1 localization signal at the kinetochore is abruptly enriched at 
anaphase (Bock et al., 2012; Thapa et al., 2015) and the interaction between Cnn1 and 
Ndc80 is shown to be predominant at anaphase via co-immunoprecipitation (Schleiffer et 
al., 2012), it is proposed that the Cnn1-Ndc80 interaction provides an active contribution 
in force transduction and chromosome segregation at this phase. The importance of extra 
copies of Cnn1 at anaphase has remained elusive. However, our work described in 
Chapter 2 established the first evidence of pre-anaphase connections between Cnn1 and 
the Ndc80 complex (Thapa et al., 2015). As discussed above, in line with the CENP-TCnn1 
function in kinetochore assembly, a recent study demonstrated that rapid depletion of 
CENP-T using auxin-inducible degron system in early mitosis results in reduced level of 
kinetochore components including the KMN (Kln1/Spc105, Mis12/Mtw1 and Ndc80 
complexes) and other RZZ-MES (Rod, Zw10, zwilch, Mad1, CENP-E and Spindly) 
complex (Wood et al., 2016). On the other hand, depletion of CENP-T during mitosis 
(after completion of kinetochore assembly) results in only slight reduction in the KMN 
level but the RZZ-MES complex level remains unaffected (Wood et al., 2016). Together, 
CENP-TCnn1 has a role in pre-mitosis for kinetochore recruitment as well as during 








1.4.2 Outer kinetochore 
Outer kinetochore components mediate association of inner kinetochores with the 
microtubules. Microtubules undergo an active state of polymerization (growing) and 
depolymerization (shrinking) known as dynamic instability (Mitchison and Kirschner, 
1984). Therefore, to ensure proper attachment, kinetochores must stabilize the 
microtubule interaction. While only one microtubule binds to a single kinetochore in 
budding yeast (Winey et al., 1995), ~ 3-30 microtubules can bind to a single kinetochore 
in higher eukaryotes (Biggins, 2013; Cheeseman, 2014; Walczak et al., 2010; Yamagishi 
et al., 2014). Central to bridging the inner kinetochore with microtubules are the highly 
conserved KMN network complexes (Cheeseman et al., 2006). Each of these complexes 
is present in multiple copies (~8 Ndc80, ~6-7 Mtw1 and ~5 Spc105 complexes) (Joglekar 
et al., 2008), which enhances the interaction with the microtubule. The KMN network is 
essential for cell viability and is the primary interface for microtubule-kinetochore 
attachment (Biggins, 2013; Cheeseman, 2014; Pagliuca et al., 2009; Pinsky et al., 2006).  
Ndc80 has been extensively studied and is known to provide a major binding site 
for the microtubules (Biggins, 2013; Cheeseman et al., 2006). Disruption of Ndc80-
microtubule binding activity has been shown to result in severe chromosome segregation 
defects (DeLuca and Musacchio, 2012). The Ndc80 complex is an extended dumbbell 
shaped protein that comprises of four subunits, (Ndc80, Nuf2, Spc24 and Spc25), all of 
which have globular heads and an extended coil coiled region that forms a 
tetramerization domain (Figure 1-9) (Ciferri et al., 2008; Wei et al., 2005). The Ndc80 





charged calponin homology domains (Alushin et al., 2010; Ciferri et al., 2008; Wei et al., 
2007). In addition, Ndc80 also mediates microtubule binding via its unstructured N-
terminal tail (Guimaraes et al., 2008; Miller et al., 2008). On the other hand, the Spc25 
and Spc24 dimer subunits facilitate a direct link with similar motifs in Mtw1Mis12 (Dsn1 
subunit in budding yeast) and Cnn1CENP-T (Bock et al., 2012; Gascoigne et al., 2011; 
Hornung et al., 2011; Malvezzi et al., 2013; Nishino et al., 2013; Petrovic et al., 2010) 
and these two are mutually exclusive binding partners of Ndc80 (Bock et al., 2012; 
Malvezzi et al., 2013). The Cnn1CENP-T and Mtw1Mis12 essentially act as two independent 









Figure 1-9 Organization of Ndc80 complex. 
Ndc80 complex consists of Ndc80, Nuf2, Spc24 and Spc25 subunits. All the subunits 
have globular domains and extended coiled-coil region that forms tetramerization domain 
(top). The Nuf2 and Ndc80 provide attachment to microtubule and Spc24 and Spc25 
provide attachment to inner kinetochores such as CENP-TCnn1 and Mis12Mtw1. Blue, 
Ndc80; Yellow, Nuf2; Red, Spc25; Green, Spc24. Crystal structure of engineered human 
Ndc80 complex bonsai (bottom); PDB coordinate file entry 2EV7. Colors indicated as 









 Similar to Ndc80, Knl1 also exhibits microtubule-binding activity (Cheeseman et 
al., 2006). However, its budding yeast counterpart, Spc105 displays lower affinity 
towards microtubules (Pagliuca et al., 2009). Spc105Knl1 is essential for recruitment of 
various components of SAC that regulates kinetochore-microtubule attachments (Biggins, 
2013). Another component of KMN, Mtw1Mis12 has four subunits (Mtw1, Dsn1, Nsl1, 
Nnf1) and unlike Ndc80 and Spc105, this complex does not demonstrate a direct 
microtubule binding activity (Cheeseman et al., 2006; Hornung et al., 2011). Nonetheless, 
this complex acts as a major platform in connecting the inner and outer kinetochores 
(Bock et al., 2012; Malvezzi et al., 2013; Malvezzi and Westermann, 2014; Schleiffer et 
al., 2012; Thapa et al., 2015). Mtw1 complex directly binds to both Spc105 and Ndc80 
(Cheeseman et al., 2006; Hornung et al., 2011) and is recruited at the kinetochore via 
direct binding with CENP-C (Screpanti et al., 2011).  
 Another outer kinetochore component essential in mediating microtubule 
attachment is a 10-subunit complex known as the Dam1 complex that oligomerizes to 
form a ring like structure around microtubule (Lampert and Westermann, 2011; 
Westermann et al., 2005). Additional finding also suggested a non-ring conformation of 
Dam1 complex in fission yeast (Gao et al., 2010). Like Ndc80, Dam1 also exhibit 
microtubule binding properties (Cheeseman et al., 2001; Miranda et al., 2005; 
Westermann et al., 2005) and exist as multiple copies (~16) per kinetochore (Joglekar et 
al., 2008). The Dam1 complex is found exclusively in budding yeast, however, a similar 
kinetochore component that has analogous functions, known as the Ska1 complex is 
present in all vertebrates (Jeyaprakash et al., 2012; Welburn et al., 2009). Additional 





components of SAC also comprise the outer kinetochores that regulate microtubule 
binding. 
1.5 Regulation of kinetochore-microtubule attachment 
 Chromosome segregation is a dynamic process and involves more than 100 
kinetochore proteins that are regulated via protein-protein interaction and/or cell cycle 
dependent post-translational modification. Providing high fidelity segregation involves 
proper coordination between each kinetochore components. Kinetochores are not only 
critical for monitoring attachment errors; they are indispensable for correcting them. The 
mitotic machinery has several features such as error correction and spindle assembly 
checkpoint that are essentially a feedback mechanism that monitor and correct the 
attachment errors before transitioning to next cell cycle phase.  
1.5.1 Error correction 
1.5.1.1 Bi-orientation 
 Equal distribution of genetic material to daughter cells require chromosomes to be 
bi-oriented where the sister kinetochores are bound to spindles emanating from opposite 
poles known as amphitelic attachment (Figure 1-10). Bi-orientation is associated with the 
tension generated between the sister kinetochores at metaphase. Mitotic chromosomes are 
prone to frequent attachment errors and can undergo several configurations (Figure 1-10). 
For instance, kinetochore can make monotelic attachments where one sister kinetochore 
binds to microtubule from one spindle pole and another left unbound, a state called 





kinetochores bind to microtubules from the same pole. Alternatively, one sister 
kinetochore can bind to multiple microtubules from both poles known as merotelic 
attachment. Merotelic configuration frequently occurs in several eukaryotes, but it is 
uncommon in budding yeast due to its ability to bind only one microtubule per 







Figure 1-10 Types of kinetochore–microtubule attachment configurations. 
Sister kinetochores can undergo several attachment states such as amplitelic (bi-
orientation), monotelic, syntelic or merotelic states or remain unattached. (Reprinted by 
permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cell Biology], 






1.5.1.2 Microtubule-kinetochore regulation by phosphorylation 
 Central to providing stable microtubule-kinetochore function are the family of 
mitotic kinases. Aurora B (Ipl1 in budding yeast) is known as error correcting kinase and 
is the key player that promotes bi-orientation (Biggins et al., 1999; Tanaka et al., 2002). 
Ipl1 is one of the components of chromosome passenger complex (CPC), which also 
include Bir1, Sli15 and Nbl1. Ipl1Aurora B eliminates incorrect attachments by mediating 
phosphorylation of many substrates such as the components of KMN, Ndc80 (Akiyoshi 
et al., 2009; Cheeseman et al., 2006; DeLuca et al., 2006), Knl-1 (Cheeseman et al., 2006; 
Welburn et al., 2010) and also Dam1 complex (Cheeseman et al., 2001). Phosphorylation 
of substrates by Ipl1Aurora B dissolves incorrect microtubule-kinetochore attachment, 
which drives formation of new and correct attachments (Funabiki and Wynne, 2013; 
Lampson and Cheeseman, 2011) or unattached kinetochores, which signal SAC (Biggins 
and Murray, 2001; Pinsky et al., 2006; Tanaka et al., 2002). 
 Another key player required in facilitating error correction is the Mps1 kinase 
(Jelluma et al., 2010; Maure et al., 2007; Sliedrecht et al., 2010) although its underlying 
mechanism is currently unknown (Maure et al., 2007; Santaguida et al., 2010). Several 
other kinases such as Bub1, a component of SAC, polo kinase (Plk1) and Cdk1/cyclin B 
also play a role in regulating kinetochore function (Funabiki and Wynne, 2013). 
1.5.2 Spindle assembly checkpoint 
 One of the major functions of kinetochore is to mediate centromere-microtubule 
interaction. Another feature of kinetochore is to provide a scaffold for SAC activation. 





microtubule attachments, which is executed by SAC. The function of SAC is to delay 
anaphase onset until bi-orientation is established (Foley and Kapoor, 2013; Kops and 
Shah, 2012; Musacchio and Salmon, 2007). When SAC detects an unattached 
kinetochore or incorrect attachment, it generates a “WAIT” signal and becomes activated 
(Figure 1-11) (Musacchio and Salmon, 2007). At metaphase when the sister chromatids 
come under tension, SAC is satisfied and activates Cdc20, an activator of ubiquitin ligase 
complex known as anaphase promoting complex/cyclosome (APC/C). Activation of APC 
subsequently results in degradation of its substrate, securin (Pds1 in budding yeast), 
thereby releasing active separase, a proteolytic enzyme. The active separase triggers the 
cleavage of the cohesin complex that holds the sister chromatids together thus promoting 
cell cycle progression. 
 The presence of kinetochores that are not under tension induces SAC activation 
by accumulating its essential components such as Mps1, Mad1, Mad2, Bub1, Bub3 and 
BubR1 (Mad3 in budding yeast) (Hoyt et al., 1991; Li and Murray, 1991; Weiss and 
Winey, 1996). Several recent studies in both fission and budding yeast identified Spc105 
as a target of Mps1 and demonstrated Mps1 as an upstream regulator responsible for 
recruiting other components of SAC at the kinetochore (Heinrich et al., 2012; London et 
al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012). In addition, previous study has 
shown that Mps1 results in constitutive checkpoint activation upon overexpression 
(Hardwick et al., 1996). Together, Mps1 is implicated as a major kinase that acts on the 







Figure 1-11 Model showing steps of spindle assembly checkpoint. 
At prometaphase (in absence of tension), sister kinetochores that are unattached or those 
that undergo monotelic attachment states generate wait signal (activation of SAC) and 
recruits components of SAC such as Mad2 as indicated. At metaphase (presence of 
tension), bi-orientation is established (SAC is satisfied) which allows the transition to 
anaphase via activation of separase that cleaves the cohesin complex (Reprinted by 
permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cell Biology] 







 Shugoshins are one of the crucial components of quality control mechanism that 
detects lack of tension, promotes bi-orientation and halts the progression of cell cycle 
from metaphase to anaphase until the attachment errors are resolved. While there are two 
paralogs of Shugoshin in fission yeast and human (known as Sgo1 and Sgo2), there is 
only one Shugoshin in budding yeast (Sgo1) and fruitfly (MEI-322). Shugoshins are 
conserved between various organisms with a N-terminal coiled-coil region and C-
terminal basic region (known as the SGO motif) (Figure 1-12) (Kitajima et al., 2004; 
Marston, 2015). These two regions bind various effector proteins important for mediating 
Sgo1 functions and its localization at the centromere region (see below). While 
Shugoshins are often referred to as localizing to the centromere, pericentromere or 
kinetochore, the methods used to determine cellular localization do not accurately 
distinguish between these structures. This dissertation used the term “centromere region” 
wherever appropriate to more accurately reflect that localization cannot be distinguished 














Figure 1-12 Schematic map of Sgo1 primary structure in budding yeast.  
Sgo1 consists of a conserved coiled-coil domain (green) at N-terminal region and a basic 






1.6.1 Cohesion protection 
 Shugoshin was first identified in Drosophila melanogaster (fruitfly) mutant, mei-
S332, which resulted in precocious loss of pericentromeric sister chromatid cohesion at 
meiosis (Kerrebrock et al., 1992). Later studies in budding and fission yeasts identified a 
family of proteins necessary for centromeric cohesion protection in meiosis, hence named 
as Shugoshin (meaning guardian spirit in Japanese) (Katis et al., 2004; Kitajima et al., 
2004; Marston et al., 2004; Rabitsch et al., 2004). Shugoshin achieves its role in cohesion 
protection in meiosis by recruiting protein phosphatase 2A (PP2A) via direct interaction 
with its N-terminal coiled-coil region (Figure 1-13) (Kitajima et al., 2006; Riedel et al., 
2006; Xu et al., 2009). Shugoshins also protect cohesion in vertebrate mitosis by 
recruiting PP2A (McGuinness et al., 2005; Rivera and Losada, 2009; Salic et al., 2004; 
Tang et al., 2006; Tanno et al., 2010) but appears to be dispensable for budding yeast 
mitotic cohesion protection (Indjeian et al., 2005; Katis et al., 2004; Kiburz et al., 2005; 











Figure 1-13 Crystal structure of human Sgo1-PP2A interaction. 
Yellow, cyan and green represent PP2A subunits A, B’ and C respectively. Note that the 
PP2A-B’ subunit, Rts1, is a major contact site in addition to PP2A-C. Rts1 is used as a 
positive control in this thesis. Orange and purple represent N-terminal Sgo1 (residues 51-
96) coil-coiled dimer. PDB coordinate entry 3FGA. Adapted from Molecular Cell (Xu et 







 Besides its canonical function in cohesion protection, shugoshins have a major 
role in promoting bi-orientation (Indjeian and Murray, 2007; Indjeian et al., 2005; 
Kawashima et al., 2007; Kiburz et al., 2008; Luo et al., 2010). Bi-orientation in higher 
eukaryotes is achieved by recruiting various effectors such as the components of CPC, 
MCAK (mitotic centromere associated kinesin) or PP2A at the centromere region 
(Kawashima et al., 2007; Rivera et al., 2012; Tsukahara et al., 2010; Vanoosthuyse et al., 
2007). Fission yeast Shugoshin interacts with Bir1/survivin subunit of CPC via its N-
terminal coiled-coil region (Jeyaprakash et al., 2011; Kawashima et al., 2007; Tsukahara 
et al., 2010; Vanoosthuyse et al., 2007). Likewise, human Shugoshin interacts with the 
borealin subunit of CPC via its coiled-coil N-terminal region, which contribute to CPC 
localization at the centromere region (Tsukahara et al., 2010; Yamagishi et al., 2010). 
Recruitment of CPC in turn dissolves the attachment errors and drives formation of 
corrected attachments or generates unattached kinetochore which delays cell cycle as 
described above.  
 Likewise, budding yeast Sgo1 promotes bi-orientation by facilitating the 
recruitment of PP2A, condensin (chromosome organizing complex) and Ipl1 at the 
centromere region (Eshleman and Morgan, 2014; Peplowska et al., 2014; Verzijlbergen et 
al., 2014). Previous study has indicated that lack of Sgo1 alters pericentromere chromatin 
structure (Haase et al., 2012). In support of this study, Sgo1 is shown to recruit condensin, 
an important element in providing proper chromatin structure (Stephens et al., 2011a), via 





impairing centromeric condensin showed delocalization of Ipl1 while maintaining 
localization of PP2A and Sgo1 (Peplowska et al., 2014). Therefore, efficient localization 
of condensin via Sgo1 dependent interaction with PP2A facilitates bi-orientation by 
loading Ipl1 at the centromere region (Peplowska et al., 2014; Verzijlbergen et al., 2014). 
1.6.3 Shugoshin recruitment at the centromere region 
 Except in budding yeast, shugoshin is recruited at the centromere region via its 
direct contact with heterochromatin protein 1 (HP1) in interphase (Kang et al., 2011; 
Yamagishi et al., 2008). The localization of Sgo1 is also affected by Bub1 kinase activity 
on histone H2A. At mitosis, the human Sgo1 recruitment at centromere region is affected 
by phosphorylation status of H2A (T120) by Bub1 kinase (Kawashima et al., 2010; Liu et 
al., 2013). Similarly, Bub1 phosphorylation on histone H2A (S121 in budding yeasts) 
also supports Sgo1 recruitment at centromere region at mitosis via direct binding of H2A 
and the SGO motif in Sgo1 (Kawashima et al., 2010; Marston, 2015; Nerusheva et al., 
2014). In addition, Sgo1 in budding yeast is also recruited at the pericentromere but not 
centromere by interacting with histone H3 (residue G44S) as indicated by chromatin 
immunoprecipitation (CHIP) analysis (Luo et al., 2010). Furthermore, another study in 
budding yeast demonstrated an Mps1 dependent recruitment of Sgo1 at the centromere 
region (Storchova et al., 2011). However, direct interaction between Sgo1 and Mps1 has 
not been established and the detailed mechanism is poorly understood. Several lines of 
evidence indicate shugoshin as an adaptor for centromeric region, which assembles 
various effectors depending on the cell cycle stage (Figure 1-14) (Marston, 2015). 





component has been established thus far. Its recruitment and the interacting partners at 
the specific centromere locus are largely elusive. As discussed in Chapter 3, our work 
elucidates the mechanism of Sgo1 localization at the centromere, via interaction with 








Figure 1-14 Model for Shugoshin localization in mitosis.  
At prometaphase (top), Sgo1 is localized at the centromere region via recruitment of its 
effector proteins such as condensin, PP2A or components of CPC.  At metaphase 
(bottom), Sgo1 is released from the centromere region together with its effector proteins. 






CHAPTER 2. THE MPS1 KINASE MODULATES THE RECRUITMENT AND 
ACTIVITY OF CNN1 AT SACCHAROMYCES CEREVISIAE KINETOCHORES 
2.1 Introduction 
 Kinetochores are large protein structures that assemble hierarchically on the 
centromeres of replicated chromosomes (sister chromatids). They bi-orient each sister 
chromatid pair to the microtubules of the mitotic spindle and orchestrate chromatid 
segregation into the daughter cells (Cheeseman, 2014; Malvezzi and Westermann, 2014). 
At the core of each kinetochore lies a protein network named KMN that bridges the 
centromere and microtubules (Cheeseman et al., 2006; Westermann et al., 2007). The 
Ndc80 complex attaches kinetochores to the microtubules via its outer Ndc80/Nuf2 dimer 
(Alushin et al., 2010; Ciferri et al., 2008; Wei et al., 2007) while its centromere-proximal 
Spc24/25 dimer interacts with a putatively centromere-associated protein, known as Cnn1 
in budding yeast (CENP-T in metazoans). The N-terminal domain of Cnn1 and CENP-T 
hook onto the interface of the Spc24/25 dimer (Malvezzi et al., 2013; Nishino et al., 
2013). In its C-terminus, Cnn1 harbors a HFD (Schleiffer et al., 2012) which may 
associate with centromere DNA, as does CENP-T (Hori et al., 2008; Nishino et al., 2012). 
 Cnn1 levels at kinetochores are low from G1 through metaphase but increase 2-3 





the Ndc80 complex via its N-terminal domain, and is thought to be unbound during 
interphase as the Ndc80 complex is associated with the Mtw1 complex. Cnn1’s 
phosphorylation state reflects its recruitment profile to kinetochores (Bock et al., 2012) 
and mirrors that of Mps1 kinase activity (Palframan et al., 2006). Indeed, altering Mps1 
expression indicated its involvement in Cnn1 phosphorylation (Malvezzi et al., 2013) and 
possibly localization at kinetochores. Mps1 targets Cnn1 in vitro at several sites (Bock et 
al., 2012; Malvezzi et al., 2013) and its activity inhibits the interaction between Cnn1 and 
the Ndc80 complex, both in vitro and in yeast (Malvezzi et al., 2013). 
 Cnn1 also interacts with the Cdc28Cdk1 kinase in yeast (Breitkreutz et al., 2010). 
Recombinant Cnn1 was phosphorylated in vitro by Cdc28 as well as by the Ipl1 kinase 
(Bock et al., 2012; Breitkreutz et al., 2010; Cheeseman et al., 2002; De Wulf et al., 2009; 
Malvezzi et al., 2013). As such, a complex but minimally understood phospho-regulatory 
network acts on Cnn1 with unknown physiological roles and relative contributions from 
the involved kinases. 
 Here, we show that the Mps1 kinase controls Cnn1 localization and activity at 
kinetochores through the cell cycle. Kinetochore recruitment of Cnn1 is mediated by two 
domains: the C-terminal HFD binds to the centromere region whereas the N-terminal 
domain allows recruitment via the Ndc80 complex. Mps1 dictates the domain used by 
targeting one residue only, S74. S74 is located within a short N-terminal domain 
sequence we delineate as the Spc24/25 interaction sequence (SIS) via which Cnn1 binds 
to the Ndc80 complex with maximal affinity. SIS-mediated recruitment is likely 
restrained by Mps1 activity increasing through metaphase but additional factors in 





abruptly accumulates at kinetochores mostly via the SIS due to reduced S74 
phosphorylation by Mps1. 
2.2 Materials and method 
2.2.1 Yeast cell growth conditions 
 Yeast cells were grown in rich medium containing 1% yeast extract and 2% 
peptone (YEP) supplemented with 2% glucose (YPD). For solid medium, 2% agar was 
added to YEP medium with 2% glucose. For growing strains containing synthetic 
medium, 0.17% yeast nitrogen base (without amino acids) and 2% glucose were used and 
supplemented with appropriate synthetic dropout medium. To induce protein expression 
under the GAL promotor, 2% raffinose (Affymetrix) and 2% galactose (Affymetrix) were 
used as a carbon source.  
2.2.2 Protein purification 
 Various GST-CNN1 constructs, GST-SPC24 and GST-SPC25 (globular domain 
residues 128-222) were cloned into pGEX-6P-1 (GE Healthcare Life Sciences) and 
transformed into E. coli BL21–DE3. Cells were induced with 0.2-1 mM Isopropyl β-D-1-
thiogalactopyranoside (IPTG) (4 h at 30 °C or overnight at 25 °C) and lysed by 
sonication or via use of Bacterial Protein Extraction Reagent (B-PER). Cell lysates were 
incubated with glutathione agarose beads (Thermo Scientific) and the proteins eluted 
with 10 mM reduced glutathione (Thermo Scientific; Sigma) in 50 mM Tris buffer, pH 





(Thermo Scientific) and the purity was determined using SDS-polyacrylamide gel 
electrophoresis (PAGE) and coomassie staining. 
 His6-CNN11-150 was cloned into pET28b (EMD Bioscience). His6-CNN11-150-
S74A, His6-CNN11-150-S74D and His6-CNN11-150-T91D were generated using single site 
mutagenesis. Following induction with 1 mM IPTG for 3 h at 37 °C, proteins were eluted 
with 50 mM Tris, pH 8.0, 250 mM imidazole and 0.3 M NaCl from HIS select Nickel 
affinity gel (Sigma). Similarly, His6-Spc24/25 was induced with 0.5 M IPTG overnight 
at 18 °C and eluted with 50 mM Tris, pH 8.0, 250 mM imidazole and 150 mM NaCl from 
HIS select Nickel affinity gel (Sigma).  
2.2.3 Interaction analysis 
 Native PAGE and SDS-PAGE were performed using 4–15% Mini-PROTEAN 
TGX Precast Gels (Biorad). Protein samples were mixed at equimolar concentration (4 
µM) and incubated on ice for 1 h and analyzed under native condition at 150 V for 4 h at 
4 °C or denaturing condition at 150 V for 1 h at room temperature. For the western blot 
analysis of the native PAGE gels, 1.5 µM BSA was supplemented to all protein mixtures 
(1 µM) before incubation on ice. The gels were stained using GelCode Blue (Thermo 
Scientific). 
 To screen the protein-protein interactions using Y2H analysis, all the Cnn1 (S/T) 
mutations were generated via site-directed mutagenesis and verified by sequencing. Nuf2, 
Spc24 and Spc25 were expressed as fusion proteins with the Gal4 DNA-binding domain 
(DBD). All Cnn1 mutants were expressed as fusion proteins with the Gal4 activation 





3 mM or 10 mM 3-aminotriazole (3-AT) was used to analyze for the ability to grow as a 
consequence of HIS3 transcription. 
2.2.4 Western blot 
 To verify the complex formation in native PAGE gels, proteins were separated 
under native conditions and identified using 1:1000 dilution of mouse monoclonal anti-
GST (GeneCopoeia) antibody and 1:10,000 dilution of secondary anti-mouse-HRP 
conjugated antibody (GE Healthcare). 
 To determine protein expression, yeast proteins were separated under denaturing 
conditions followed by western blotting. Cnn1 fused to green fluorescent protein (GFP; 
Cnn1-GFP) and its mutants were identified by 1:500 dilution of mouse monoclonal anti-
GFP (Roche) antibody and 1:10,000 dilution of secondary anti-mouse-HRP conjugated 
antibody (GE Healthcare). 
2.2.5 Biolayer interferometry binding measurements 
 The binding measurements were analyzed using either BLItz or OctetRed96 
system from ForteBio using Biolayer interferometry (BLI). To measure binding affinity, 
20-25 µg/ml of His6- or GST-tagged proteins were immobilized on Ni-NTA or GST 
biosensor tips, respectively. After equilibration, the tips were probed with the interacting 
partners (analytes) at varying concentrations depending on the expected Kd for 5 min. 
The complexes were dissociated by immersing the sensor into sample dilution buffer 
(ForteBio) for 5 min. The binding affinities were derived using the BLItz Pro software 





2.2.6 Sequence alignment and modeling 
 Budding yeast Cnn1 orthologs (www.yeastgenome.org) were aligned with Muscle 
(Edgar, 2004). Each residue in the alignment was assigned a color depending on the 
residue type and frequency of its occurrence in the column (Thompson et al., 1997). The 
Cnn1 images were generated using the Protein Data Bank (PDB) coordinates file (entry 
4GEQ) (Malvezzi et al., 2013). The Cnn1 PDB model consists of the Spc24p C-terminal 
domain (residues 155-213) and Spc25p C-terminal domain (residues 133-221) with the 
Cnn1p N-terminal motif (residues 60-84). To generate the 3D model of the Candida 
glabrata Cnn1-Spc24/25 complex, we modeled the C. glabrata Spc24/25 sequences with 
Modeller (Eswar et al., 2006) using the S. cerevisiae Spc24/25 crystal structure as the 
reference. We then added the Cnn1 peptide by changing the residues of the S. 
cerevisiae Cnn1 peptide into those of C. glabrata (see alignment in Figure 2-1). All 
figures were prepared with PyMOL (The PyMOL Molecular Graphics System, 
Schrödinger, LLC.).  
2.2.7 Yeast two-hybrid assay 
 To screen for protein-protein interactions using Y2H, PJ69-4α bait and PJ69-4a 
prey haploid strains were grown in YPAD medium overnight at 30 °C. 50 µL of each bait 
and prey strains were mixed in 96 well plate and spotted onto YPD plate using a 96 pin 
spotting tool and incubated overnight at 30 °C. The yeast patches were then spotted onto 
synthetic dextrose (SD) without tryptophan or leucine (SD-TL) from the YPD plate using 
the 96 pin replicating tool with 1.5 mm diameter pins and incubated for 2-3 d at 30 °C. 





containing 50 µL of liquid SD-TL medium. To detect interacting proteins, 6 µL of each 
yeast diploids were spotted onto SD-TL and SD without tryptophan, leucine or histidine 
(SD-TLH) with 1 mM, 3 mM or 10 mM 3-AT plates and incubated at 30 °C for 3-5 d. 
2.2.8 Fluorescence microscopy 
 Cells for fluorescence imaging were grown in complete synthetic medium at 
23 °C. Imaging was performed on a DeltaVision Elite deconvolution system (Applied 
Precision) controlled by softWoRx software (Applied Precision) equipped with a 
CoolSNAP HQ2 CCD camera (Photometrics) and an IX71 Olympus inverted microscope 
using a 100x oil-immersion objective (UPLS Apochromat 100x NA 1.4; Olympus). The 
system was equipped with an environmental chamber (Applied Precision) maintained at 
23 °C.  Images were acquired as Z-stacks (1x1 binning, XY image dimensions: 1024 x 
1024, 17 sections of 0.3 µm), deconvolved and background subtracted and the signals 
were quantified with ImageJ64 (NIH). Cnn1 fluorescence levels at the kinetochore were 
expressed as a ratio of the GFP signal to the spindle pole Spc110-mCherry reference 
signal. 
 Cells expressing Cnn1-150-GFP from a PGAL plasmid and endogenously expressing 
Spc110-mCherry were grown in 2% raffinose synthetic medium lacking tryptophan at 
30 °C. Kinetochore clusters were observed using Nikon AR1 confocal microscope with 
60X (NA 1.49) oil immersion objective. All of the images were acquired as Z stacks (13 






2.2.9 Yeast strains and serial dilution growth assay 
 All yeast cells have a W303a background unless stated otherwise and are listed in 
Table 2-1. Cnn1-GFP strains (27-residue linker between Cnn1 and GFP) were 
constructed using an integrative vector (pRS306 (Sikorski and Hieter, 1989)) that was 
recombined at the CNN1 promotor in cnn1Δ Spc110-mCherry and cnn1Δ nnf1-17 strains. 
Cnn1-S74A and Cnn1-S74D were created using site-directed mutagenesis and 
recombined in a similar fashion. Cnn1ΔHFD was created using polymerase chain reaction 
(PCR)-mediated deletion as described (Hansson et al., 2008). Cnn1ΔHFD-S74A and 
Cnn1ΔHFD-S74D were created using site-directed mutagenesis and recombined as above. 
 An expression vector expressing Cnn11-150-GFP was constructed into the 
pAG414-GAL-ccdB-EGFP plasmid by Gateway cloning with an intervening linker from 
plasmid pOBD2. This linker encodes the first 74 residues of the Gal4 DNA-binding 
domain including a nuclear localization sequence. 
 Various Cnn1 constructs were overexpressed from PGAL1/10 promoter (pESC-ura 
vector) in W303, cnn1Δ Spc110-mCherry or cnn1Δ nnf1-17 strains. For serial growth 
dilution assays, temperature-sensitive strains were grown at permissive temperature 
overnight in synthetic medium lacking uracil (CSM-Ura (Sunrise Science)) with 2% 
raffinose (Affymetrix). The overnight cultures were diluted to OD600=0.6 and five-fold 
serial dilutions were spotted onto synthetic agar medium lacking uracil with 2% raffinose 
and 2% galactose (Affymetrix) and incubated at 25 °C (permissive), 30 °C (semi-
permissive) and 32 °C-33 °C (non-permissive) for at least 2 d.  We found that 33 °C 
allowed growth of the cnn1Δ nnf1-17 strain with 2% glucose in 3 d whereas 37 °C did 





as control plates. For integrated strains, the dilution assay was conducted using YP 2% 
glucose agar medium instead of synthetic medium. 
2.2.10 Plasmids 
 All the plasmids used in this study are listed in Table 2-2. All the CNN1 mutants 













leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 Nasmyth Lab 
KTY2248 
 
pESC URA3 PGAL1-myc This study 
KTY2249 
 
pESC URA3 PGAL1-CNN1-myc This study 
KTY2250 
 
pESC URA3 PGAL1-CNN1-S74A-myc This study 
KTY2251 
 
pESC URA3 PGAL1-CNN1-S74D-myc This study 
KTY2252 
 
pESC URA3 PGAL1-CNN1(1-150)-myc This study 
KTY2253 
 
pESC URA3 PGAL1-CNN1(1-150)-S74A-myc This study 
KTY2254 
 
pESC URA3 PGAL1-CNN1(1-150)-S74D-myc This study 
KTY2255 
 
pESC URA3 PGAL1-CNN1(1-91)-myc This study 
KTY2256 
 
pESC URA3 PGAL1-CNN1(1-91)-S74A-myc This study 
KTY2257 
 
pESC URA3 PGAL1-CNN1(1-91)-S74D-myc This study 
KTY2258 
 




MATα nnf1-17::LEU2 Euskirchen Lab 
THY2115 PDW1422 cnn1Δ::KanMX4, nnf1-17::LEU2 De Wulf Lab 
KTY2208 
 
THY2115 pRS306-CNN1-GFP This study 
KTY2209 
 
THY2115 pRS306-CNN1-S74A-GFP This study 
KTY2210 
 
THY2115 pRS306-CNN1-S74D-GFP This study 
KTY2307 
 
THY2115 pRS306-CNN1(Δ271-335)-GFP This study 
KTY2308 
 
THY2115 pRS306-CNN1(Δ271-335)-S74A-GFP This study 
KTY2309 
 
THY2115 pRS306-CNN1(Δ271-335)-S74D-GFP This study 
KTY2260 
 
THY2115 pESC URA3 PGAL1-myc This study 
KTY2261 
 
THY2115 pESC URA3 PGAL1-CNN1-myc This study 
KTY2262 
 
THY2115 pESC URA3 PGAL1-CNN1-S74A-myc This study 
KTY2263 
 
THY2115 pESC URA3 PGAL1-CNN1-S74D-myc This study 
KTY2264 
 
THY2115 pESC URA3 PGAL1-CNN1(1-150)-myc This study 
KTY2265 
 
THY2115 pESC URA3 PGAL1-CNN1(1-150)-S74A-myc This study 
KTY2266 
 
THY2115 pESC URA3 PGAL1-CNN1(1-150)-S74D-myc This study 
KTY2267 
 
THY2115 pESC URA3 PGAL1-CNN1(1-91)-myc This study 
KTY2268 
 
THY2115 pESC URA3 PGAL1-CNN1(1-91)-S74A-myc This study 
KTY2269 
 
THY2115 pESC URA3 PGAL1-CNN1(1-91)-S74D-myc This study 















De Wulf Lab 
KTY2147 
 
THY2110 pRS306-CNN1-GFP This study 
KTY2149 
 
THY2110 pRS306-CNN1-S74D-GFP This study 
KTY2158 
 
THY2110 pRS306-CNN1(Δ271-335)-GFP This study 
KTY2160 
 
THY2110 pRS306-CNN1(Δ271-335)-S74D-GFP This study 
KTY2241 
 
pESC URA3 PGAL10-FLAG This study 
KTY2242 
 
pESC URA3 PGAL10-CNN1-FLAG This study 
KTY2243 
 
pESC URA3 PGAL10-CNN1-S74A-FLAG This study 
KTY2244 
 







MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4 gal80 
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ 
Lab Collection 
THY2469 PJ69-4α 
MATα trp1-901 leu2-3,112 ura3-52 his3-200 gal4 gal80 







Table 2-2 Plasmids used in this study 
Plasmid Relevant markers Source 
PKT0226 CNN1(25-47) in pGEX-6P-1 (GST) This study 
PKT0227 CNN1(25-60 )in pGEX-6P-1 (GST) This study 
PKT0228 CNN1(25-91) in pGEX-6P-1 (GST) This study 
PKT0229 CNN1(47-60) in pGEX-6P-1 (GST) This study 
PTH1917 pGEX-4T-2 (GST) Hazbun Lab 
PKT0211 CNN1(1-150) in pGEX-6P-1 (GST) Hazbun Lab 
PKT0230 CNN1(47-91) in pGEX-6P-1 (GST) This study 
PKT0231 CNN1(60-91) in pGEX-6P-1 (GST) This study 
PKT0232 CNN1(91-150) in pGEX-6P-1 (GST) This study 
PKT0213 DJ1-E16D in pGEX-6P-1 (GST) This study 
PSW0119 SPC24/25 in pETDuett (His6)-coexpressed Westermann 
Lab 
PKT0106 CNN1(1-150) in pET28b (His6) This study 
PKT0107 CNN1(1-150)-S74A in pET28b (His6) This study 
PKT0108 CNN1(1-150)-S74D in pET28b (His6) This study 
PKT0101 SPC24 in pGEX-6P-1 (GST) Hazbun Lab 
PKT0103 SPC25(128-222) in pGEX-6P-1 (GST) Hazbun Lab 
PKT0212 CNN1(1-150)-S74A in pGEX-6P-1 (GST) This study 
PKT0210 CNN1(1-150)-T91D in pET28b (His6) This study 
pOBD2-Nuf2 NUF2 in pOBD2 (Gal4 DNA-binding domain) Hazbun Lab 
pOBD2-Spc24 SPC24 in pOBD2 (Gal4 DNA-binding domain) Hazbun Lab 
pOBD2-Spc25 SPC25 in pOBD2 (Gal4 DNA-binding domain) Hazbun Lab 
PKT0113 CNN1 in pOAD (Gal4 activation domain) Hazbun Lab 
PRG1955 CNN1 (1-150)-T14A, S17A, T21A, S74A in pOAD (Gal4 activation 
domain) 
This study 
PRG1956 CNN1(1-150)-T14D, S17D, T21D, S74D  in pOAD (Gal4 activation 
domain) 
This study 
PKT0116 CNN1-S177A in pOAD (Gal4 activation domain) This study 
PKT0117 CNN1-S177D in pOAD (Gal4 activation domain) This study 
PKT0114 CNN1-S74A in pOAD (Gal4 activation domain) This study 
PKT0115 CNN1-S74D in pOAD (Gal4 activation domain) This study 






Table 2-2 Continued. 
PKT0109 CNN1(1-150)-S74A in pOAD (Gal4 activation domain) This study 
PKT0110 CNN1(1-150)-S74D in pOAD (Gal4 activation domain) This study 
PKT0111 CNN1(1-150)-17A in pOAD (Gal4 activation domain) This study 
PKT0112 CNN1(1-150)-17D in pOAD (Gal4 activation domain) This study 
PKT0205 CNN1(1-150)-T53D in pOAD (Gal4 activation domain) This study 
PKT0208 CNN1(1-150)-T86D in pOAD (Gal4 activation domain) This study 
PRG1948 CNN1-S268A, S269A in pOAD (Gal4 activation domain) This study 
PRG1949 CNN1-S268D, S269D in pOAD (Gal4 activation domain) This study 
PKT0201 CNN1(1-150)-T3A in pOAD (Gal4 activation domain) This study 
PKT0202 CNN1(1-150)-T3D in pOAD (Gal4 activation domain) This study 
PKT0203 CNN1(1-150)-T21A in pOAD (Gal4 activation domain) This study 
PKT0204 CNN1(1-150)-T21D in pOAD (Gal4 activation domain) This study 
PRG1950 CNN1(1-150)-T42A, S81A, T121A in pOAD (Gal4 activation domain) This study 
PKT0146 pESC URA3 Hazbun lab 
PKT0139 PCNN1-CNN1-GFP in pRS306 (integrating) This study 
PKT0141 PCNN1-CNN1-S74A-GFP in pRS306 (integrating) This study 
PKT0142 PCNN1-CNN1-S74D-GFP in pRS306 (integrating) This study 
PKT0143 PCNN1-CNN1(Δ271-335)-GFP in pRS306 (integrating) This study 
PKT0144 PCNN1-CNN1(Δ271-335)-S74A-GFP in pRS306 (integrating) This study 
PKT0145 PCNN1-CNN1(Δ271-335)-S74D-GFP in pRS306 (integrating) This study 








2.3.1 Cnn1 binds to Spc24/25 via a conserved motif comprising residues 25-91 
 The first 150 residues of Cnn1 (Cnn11-150) bind to Spc24/25 in vitro and in Y2H 
studies (Bock et al., 2012; Schleiffer et al., 2012). A conserved 15-residue motif (Cnn165-
79) was previously found to be sufficient to mediate Spc24/25 binding (Schleiffer et al., 
2012). The binding constant (Kd) for Spc24/25 of a similar fragment (Cnn160-84), 
established by isothermal titration calorimetry at 3.50 µM, was ~200-fold lower as 
compared to Cnn1 lacking its C-terminal HFD (Cnn1ΔHFD, 0.016 µM) (Malvezzi et al., 
2013). A conserved candidate-binding motif in the N-terminus of Cnn1 (residues 130-166) 
only slightly affected the binding affinity of Cnn1 (Malvezzi et al., 2013). In addition, 
deletion of Cnn191-125 did not affect plasmid segregation (Malvezzi et al., 2013). Hence, 
residues towards N-terminal region of Cnn165-79 might be better positioned to stabilize the 
Spc24/25 contact. The N-terminal region of Cnn1 is conserved between S. cerevisiae and 
related fungi and harbors three putative α-helices: 23-40, 65-79 and 90-100 (Figure 2-1). 
Guided by the predicted 2D structure of Cnn1, we probed by native PAGE a set of N-
terminal fragments for their ability to form a complex with Spc24/25 (Figure 2-2A). Four 
fragments bound to Spc24/25: 1-150, 25-91, 47-91 and 60-91. Western blot analysis 
confirmed the presence of these Cnn1 fragments fused to GST in the slow-migrating 
complexes (Figure 2-2B). We measured their affinities for Spc24/25 via BLI analysis and 
found that only the Kd of Cnn125-91 (0.22 µM) approached that of Cnn11-150 (0.12 µM) 
(Figure 2-2C, D). A discrepancy of binding affinity was observed for Cnn11-150 (0.12 µM) 





shorter Cnn1 fragment than the Cnn1ΔHFD fragment together with use of different 
methods. Although flanking residues 25-47 proved incapable of interacting with 
Spc24/25 (Figure 2-2A) they promoted the affinity of Cnn165-79 for Spc24/25. In 
conclusion, our data shows that although the main binding fragment is Cnn165-79 
(Schleiffer et al., 2012), additional residues that are not directly involved in Spc24/25 
recognition enhance the interaction between Spc24/25 and the core Cnn125-91 binding 








Figure 2-1 Multiple sequence alignment of Cnn1 with other fungal species. 








Figure 2-2 SIS is essential for a stable interaction with Spc24/25.  
(A) Schematic outline of Cnn1 N-terminal fragments expressed as GST fusion proteins 
(top). Native PAGE of GST-Cnn1 fragment interactions with His6-Spc24/25 (4 µM) 
(middle and bottom). Negative control (NC) = unrelated GST-fusion protein. Circle = 
complexed protein. Asterisk = truncated form of the complex. Note that the negative 
control migrating pattern is similar to His6-Spc24/25. (B) Western blot of native PAGE 
with GST-Cnn1-His6-Spc24/25 complexes from A. (1 µM). (C) BLI binding 
measurement of GST-Cnn11-150 and His6-Spc24/25 as analyte at varying concentrations 
(0 µM, 0.07 µM, 0.13 µM, 0.25 µM, 0.50 µM and 1 µM). (D) Affinity of GST-Cnn1 





2.3.2 Mps1 activity at S74 inhibits SIS-Spc24/25 binding 
 In vitro experiments revealed that S74, which resides centrally in SIS (second α-
helix) and is conserved among most budding yeasts (Figure 2-1 and (Schleiffer et al., 
2012)), is an Mps1 target directly involved in the regulation of Cnn1-Spc24/25 binding 
(Bock et al., 2012; Malvezzi et al., 2013; Schleiffer et al., 2012). A phosphomimetic 
substitution (S74D) inhibited Cnn1-Spc24/25 binding in yeast and reduced 
minichromosome stability, whereas a phosphonull variant (S74A) did not affect Cnn1-
Spc24/25 binding nor Cnn1 recruitment to kinetochores (Malvezzi et al., 2013; Schleiffer 
et al., 2012). To understand the functional implications of these observations we first 
made S74D and S74A versions of Cnn11-150 and compared their affinity for Spc24 and 
Spc25G (Spc25 globular domain residues 128-222). Cnn11-150 and Cnn11-150-S74A 
formed slow-migrating complexes with Spc24 and Spc25G with a similar Kd (0.12 µM) 
whereas Cnn11-150-S74D did not (Figure 2-3A), indicating that phosphorylation of Cnn1 
at S74 inhibits the interaction. Y2H analyses confirmed these findings (Figure 2-3B). As 
Cnn1 harbors nine additional known or putative Mps1 target residues in the N-terminal 
domain, we probed whether their phospho-states affect Spc24/25 binding. In addition, we 
examined residues targeted by Ipl1 and Cdc28 in vitro, as well as nearby serine or 
threonine sites. Y2H and/or native PAGE experiments showed that of all residues tested 
singly or in combination, only one; S74, controls Cnn1-Spc24/25 binding (Table 2-3, 
Figure 2-4). The crystal structure of the Cnn160-84 peptide in complex with Spc24/25 
(Malvezzi et al., 2013) indicates that Cnn1-S74 binds to a hydrophobic pocket in Spc25, 





the previous observations of the co-crystal structure by noting that Mps1 could access the 
S74 residue even when Cnn1 is bound to Spc24/25 and hence could initiate dissociation 
of the complex (Figure 2-5C). We also model the S74A and S74D mutations and show 
that the aspartic acid substitution would have decreased affinity because it projects into 
the negatively charged environment partly contributed by D158 (Figure 2-5B, C).  
 Our alignment of Cnn1 revealed that S74 is conserved among most budding 
yeasts, except for C. glabrata (Figure 2-6). Indeed, Cnn1-S74 corresponds to D63 in C. 
glabrata Cnn1. To examine how this negatively charged residue may affect binding to 
Spc24/25, we computationally modeled the Cnn1-Spc24/25 interaction in C. glabrata. 
We find the local environment of Spc24/25 is positively charged in the C. glabrata (K60, 
K160, H164) and negatively in S. cerevisiae (Figure 2-5C, Figure 2-6). As such, D63 will 
positively interact with basic residues in Spc24/25. S64 in C. glabrata appears to be 
accessible for phosphorylation, which could strengthen the positive interaction with 
Spc24/25, similar to mammalian Spc24/25 in which phosphorylation (by CDK1) 








Figure 2-3 Phosphomimetic substitution of Cnn1-S74 negatively regulates its association 
with Spc24/25. 
(A) His6-Cnn11-150, His6-Cnn11-150-S74A and His6-Cnn11-150-S74D were incubated with 
GST-Spc24 and GST-Spc25G (4 µM) and analyzed by native PAGE (top) and SDS-
PAGE (bottom). (B) Cnn1-S74D eliminates the interaction with Spc24/25 as shown by 
Y2H. MA and MD are Mps1 sites (T14, S17, T21 and S74) mutated to alanine or aspartic 
acid, respectively. Nuf2 = negative control. SD-TL = synthetic dextrose medium 
deficient in tryptophan and leucine. SD-TLH = synthetic dextrose medium deficient in 


















Figure 2-4	Phospho-states of several sites in Cnn1 does not affect its interaction with 
Spc24/Spc25.  
Residues targeted by Ipl1 or Cdc28 and other serine or threonine sites in Cnn1 do not 











Figure 2-5 Phosphomimetic substitution of Cnn1-S74 negatively regulates its association 
with Spc24/25. 
(A) Crystal structure of Cnn160-84 in complex with Spc24/25 generated from PDB file 
(4GEQ). Spc24 C-terminal domain (residues 155-213) and Spc25 C-terminal domain 
(residues 133-221) are depicted. (B) View of Cnn1-S74 positioned within a pocket 
formed by Spc25 residues. (C) Cnn1-S74D substitution projects into a negatively charged  










Figure 2-6 Crystal structure of C. glabrata Cnn160-84 in complex with Spc24/25. 
View of Cnn1-D63 positioned within a pocket formed by Spc25 residues (top right). 
Cnn1-D63 projects into a positively charged environment (bottom right) compared to the 
S. cerevisiae residue at the same position in the helix, S74, which projects into a 






2.3.3 Synthetic genetic analysis of Cnn1 domains and their regulation by Mps1 
 Yeast cnn1Δ mutants suffer from enhanced chromosome loss but do not exhibit 
reduced fitness (Bock et al., 2012). Consistent with this, expressing CNN1-S74A, CNN1-
S74D or CNN1ΔHFD from the endogenous CNN1 promoter in a cnn1Δ strain did not reveal 
any reduction in viability (Figure 2-7A). In contrast, expressing CNN1 from the 
galactose-inducible and glucose-repressible PGAL promoter on a multi-copy plasmid 
results in lethality ((Bock et al., 2012), Figure 2-7B, Figure 2-8). Overexpressing full-
length Cnn1 and Cnn1 fragments containing the SIS (1-91, 1-150) or their S74A variants 
caused lethality, but the S74D variants did not, indicating the latter do not interact with 
the Ndc80 complex. Overexpressing the HFD alone (Cnn1271-335) was not lethal 
demonstrating SIS-Ndc80 complex interaction is sufficient to cause lethality. 
 The high-temperature-sensitive nnf1-17 kinetochore mutant exhibits moderate 
growth at slightly elevated temperature (32 °C), dies at 37 °C, and has further reduced 
growth when Cnn1 is deleted (cnn1Δ) (Bock et al., 2012). As such, expressing Cnn1, 
Cnn1 domain fragments or S74 variants in the cnn1Δ nnf1-17 strain indicates if the 
proteins are functional which was confirmed for Cnn1, Cnn1-S74A and Cnn1-S74D 
(Figure 2-9A). The Cnn1-S74D should not be able to interact with Ndc80 yet does rescue 
likely because of the contribution from the HFD. However, proteins lacking the HFD 
were not able to rescue growth (Figure 2-9A). Interestingly, over-expressing the HFD 
completely rescued viability, consistent with our above synthetic genetic interaction 
studies with the HFD and the nnf1-17 kinetochore mutant strain (Figure 2-9B, Figure 







Figure 2-7 Functional significance of Cnn1 SIS and HFD. 
(A) Integration of CNN1 and its mutants in a cnn1Δ strain. All the strains were serially 
diluted (1:5) on glucose plates and incubated at 25 °C, 30 °C and 37 °C. (B) Serial 
dilution assay of strains overexpressing CNN1 from the PGAL1 promotor. Left panel is 














Figure 2-8 Overexpression of CNN1, CNN1-S74A and CNN1-S74D from PGAL10 promotor 
in W303.  
All the strains were serially diluted on 2% glucose plate (left) and 2% raffinose and 2% 
galactose plate (right). Note CNN1-S74A has decreased viability compared to CNN1 






Figure 2-9 Genetic dissection of Cnn1 SIS and HFD activities. 
(A) Integration of CNN1 and its mutants in the cnn1Δ nnf1-17 strain incubated at 25 °C 
(permissive), 30 °C (semi-permissive) and 32 °C (non-permissive). (B) Overexpression 
of CNN1 and its phosphonull S74A versions result in a slow growth phenotype in the 
cnn1Δ nnf1-17 background. The HFD (271-335) fully rescues (bottom). Cnn1 WT and 














Figure 2-10 Overexpression	of CNN1, CNN1-S74A and CNN1-S74D in cnn1Δ nnf1-17 
strain.  
All the strains were serially diluted on a 2% raffinose only plate (low expression levels) 
and incubated at 30 °C (semi-permissive) and 33 °C (non-permissive) for 5 d. Note 
CNN1 and CNN1-S74A (in presence of HFD) generate stronger rescue that the CNN1-





2.3.4 Cnn1 recruitment via HFD and/or SIS is dictated by Mps1 
 To translate our biochemical and genetic data into a functional model, we imaged 
GFP-tagged Cnn1, Cnn1ΔHFD and the corresponding S74A and S74D variants at various 
cycle stages. These constructs allowed us to quantitatively discriminate between the 
contributions of the HFD and SIS in Cnn1 recruitment (Spc110-mCherry fluorescence 
levels acted as the reference). Cnn1-GFP localized to kinetochores from G1 through 
metaphase and became enriched 2-3 fold at anaphase entry (21.43% of metaphase cells 
had an intensity ratio of 2.5 or greater compared to 53.03% of anaphase cells) ((Figure 
2-11, Table 2-4; (Bock et al., 2012)). In contrast, the S74A and S74D strains differed in 
that the signal did not increase markedly from metaphase to anaphase indicating a 
disrupted regulation of this transition. Signals increased gradually in every phase from 
G1 to anaphase for S74A and appeared similar across all phases for S74D. Removing the 
HFD from Cnn1-GFP profoundly reduced the kinetochore recruitment level of Cnn1ΔHFD-
GFP and S74A variant to 40-45% of interphase cells indicating the importance of the 
HFD but also demonstrating the ability of the SIS to mediate recruitment in pre-anaphase 
cells (Figure 2-12A, B). However, in anaphase, Cnn1ΔHFD-GFP and S74A variant were 
recruited similarly to Cnn1-GFP and increased signal intensities (only 12-16% cells had 
no signal), suggesting Cnn1 recruitment to anaphase kinetochores depends on the SIS-
Ndc80 complex interaction. The S74A mutation does not result in increased signal 
intensities in pre-anaphase stages compared to wild-type (WT) indicating that S74A is 
not sufficient to mediate the increased recruitment of the SIS. However, when removing 
both the HFD- and SIS-mediated recruitment options, Cnn1ΔHFD-S74D–GFP did not 





demonstrate the in vivo disruption of the SIS-kinetochore contact by the S74D mutation. 
The expression levels of Cnn1-GFP and Cnn1ΔHFD-GFP were similar to those of their 
S74A and S74D variants, thus excluding differences in abundance or stability (Figure 
2-12C). Notably, removing the HFD resulted in more diffused Cnn1ΔHFD-GFP signals at 
metaphase kinetochores (Figure 2-13). We also observed kinetochore localization of 
Cnn1-150-GFP via low-level PGAL expression (2% raffinose) confirming that residues 151-
361 are dispensable for the Cnn1 kinetochore localization (Figure 2-14). The use of the 
Cnn1-150-GFP indicates that additional regulatory post-translational sites or interaction 
motifs that aid in conferring cell cycle specific localization and anaphase enrichment are 
within this N-terminal sequence. The fusion of the GFP epitope to different positions of 
Cnn1 (GFP positioned at the C-terminus of Cnn1 after 150 residues and after full-length 
Cnn1) suggests that the observed anaphase enrichment is not a result of a delay in 
fluorophore maturation as has recently been reported for some Cse4-GFP fusions 
(Wisniewski et al., 2014). In conclusion, the similar localization behaviors of ectopically 
expressed Cnn1-150-GFP and single-integrant Cnn1ΔHFD-GFP indicate that both the HFD 
and SIS contribute to correct kinetochore localization of Cnn1 and only elimination of 






Figure 2-11 Localization of Cnn1 at the kinetochore. 
(A) Representative images of cells expressing Spc110-mCherry with Cnn1-GFP (top), 
Cnn1-S74A-GFP (middle) and Cnn1-S74D-GFP (bottom) in G1, S phase, metaphase and 
anaphase. Bar = 5 µm. (B) Quantitation from A. Key = Increasing GFP:mCherry 





Table 2-4 Localization data from Cnn1-GFP expressing strains represented in Figure 







Figure 2-12 Dynamic localization of Cnn1ΔHFD at the kinetochore. 
Representative images of cells expressing Cnn1ΔHFD-GFP (top), Cnn1ΔHFD-S74A-GFP 
(middle) and Cnn1ΔHFD-S74D-GFP (bottom) in G1, S phase, metaphase and anaphase. 
Bar = 5 µm. (B) Quantitation from A. (C) Western blot of Cnn1, Cnn1-S74A, Cnn1-











Figure 2-13 Localization of Cnn1-GFP and Cnn1ΔHFD-GFP at metaphase. 
Representative images of a close-up view of Cnn1-GFP Spc110-mCherry and Cnn1ΔHFD-
GFP Spc110-mCherry cells at metaphase (left). The fluorescence intensity is normalized 













Figure 2-14 Localization of Cnn11-150-GFP via PGAL expression.		
Representative images of Spc110-mCherry cells overexpressing Cnn11-150-GFP in G1, S 
phase, metaphase and anaphase. Cells were induced with 2% raffinose before the images 






 We demonstrate that Cnn1 likely forms pre-anaphase linkages at kinetochores and 
the linkages increase when Mps1 phosphorylation of S74 declines in anaphase. This 
pattern reflects the expression and activity of the Mps1 kinase, and its decrease in 
anaphase due to APC mediated degradation (Liu et al., 2011; Liu and Winey, 2012; 
Palframan et al., 2006). Cdc28 is another kinase known to target Cnn1 (Malvezzi et al., 
2013), but its role remains unclear because the Cdc28 target residues in the N-terminal 
domain did not affect Cnn1-Spc24/25 binding according to our Y2H study (Table 2-3).  
From G1 through late metaphase, Cnn1 was suggested to interact with the Ndc80 
complex only at anaphase despite the presence of low co-immunoprecipitation signal in 
pre-anaphase (Schleiffer et al., 2012). Indeed, the pre-anaphase Ndc80 complex was 
shown to interact quantitatively with the Mtw1 complex via Dsn1-Spc24/25 binding 
(Bock et al., 2012; Schleiffer et al., 2012). At anaphase entry, enriched and 
dephosphorylated Cnn1 outcompetes Dsn1 for Spc24/25 binding (Bock et al., 2012; 
Malvezzi et al., 2013; Schleiffer et al., 2012). These studies suggested that the anaphase 
Cnn1-Ndc80 complex interaction promotes accurate and/or robust kinetochore-
microtubule linkages (Bock et al., 2012; Malvezzi et al., 2013; Schleiffer et al., 2012). As 
explained below, our results indicate a previously unappreciated role for Cnn1 because 
we directly demonstrate, in vivo, the pre-anaphase interaction of Cnn1 with the 
kinetochore. 
 Involvement of the HFD in recruitment to the centromere is plausible, considering 





The Cnn1-S74A and S74D in a full-length context altered localization profiles but did not 
eliminate centromere region recruitment compared to WT likely because the HFD is 
driving localization (Figure 2-11). We confirmed this because levels of HFD-lacking 
Cnn1 were reduced throughout the cell cycle (Figure 2-12). However, we identified a 
second kinetochore-localization activity in Cnn1; a N-terminal stretch of 66 residues that 
latches onto the Spc24/25 interface. The dynamic recruitment of Cnn1 through the cell 
cycle depends on the HFD and SIS, and the phosphorylation state of S74 because 
combining the S74D mutation and a lack of HFD completely eliminates a 
centromere/kinetochore signal (Figure 2-12). Our measurements demonstrate part of the 
Cnn1 molecules at pre-anaphase kinetochores interact with the Ndc80 complexes because 
Cnn1 lacking its HFD is capable of recruitment via the SIS (Figure 2-12). Intriguingly, 
the S74A and WT SIS have similar localization behavior suggesting another factor 
controls pre-anaphase SIS-mediated kinetochore localization in addition to the S74 
dephosphorylation state. In addition, the recruitment patterns of full length Cnn1-S74A 
and S74D, while similar to WT, had a greater proportion of signal prior to anaphase 
indicating disrupted regulation of copy numbers. Further investigation is needed to 
identify the additional regulatory factor(s) that control centromere/kinetochore 
recruitment of Cnn1 across the cell cycle. 
 From G1 till anaphase, the Ndc80 complex thus coexists in two bound states: the 
Mtw1 complex-Ndc80 complex interaction is constant through the cell cycle (Malvezzi et 
al., 2013) and the Cnn1-Ndc80 complex interaction occurs pre-anaphase but increases at 
anaphase. Mps1 activity builds up from G1 through metaphase and hence was suggested 





kinetochore conformation. We propose that Mps1 may only restrain Cnn1 at metaphase 
because Mps1 expression levels are low in G1 (Palframan et al., 2006) and Cnn1 is 
mostly dephosphorylated in G1 (Bock et al., 2012; Schleiffer et al., 2012), whereas 
Cdc28 appears to control Cnn1 phosphorylation at S phase (Malvezzi et al., 2013) 
(Figure 2-15A) but other factors may limit the Cnn1-Ndc80 interaction. 
 Binding of the Ndc80 complex to Cnn1 tethers the complex to the centromere. 
However, this tethering does not serve to recruit the Ndc80 complex during kinetochore 
assembly as cells lacking Cnn1 do not suffer from reduced levels of the Ndc80 complex, 
nor a reduction in the Mtw1 and Spc105 complexes (Bock et al., 2012). In contrast, 
mammalian CENP-T actively recruits the Ndc80 complex to centromeres (Gascoigne et 
al., 2011) and the middle region of CENP-T appears to be flexible and assist in 
kinetochore stretching when it undergoes tension (Perpelescu and Fukagawa, 2011; 
Suzuki et al., 2011; Westhorpe and Straight, 2013). Similarly, the pre-anaphase Cnn1 
linkages may allow a proper intra-kinetochore stretch required for chromosome bi-
orientation, as shown for CENP-T (Suzuki et al., 2014). Next to altering the interactions 
between the KMN complexes, the pre-anaphase Cnn1 linkages may be involved in 
tension sensing during sister-kinetochore attachment and bi-orientation, which are also 
regulated by Mps1 (Weiss and Winey, 1996). In addition, other kinases regulate Cnn1, 
including Cdc28-dependent multisite-phosphorylation, leading to a maximal Cnn1 
phosphorylation reached at metaphase (Figure 2-15B). The metaphase phosphorylation 
peak is followed by rapid dephosphorylation resulting in Cnn1 enrichment to 
kinetochores at anaphase onset (Bock et al., 2012). A Cdc28-dependent threshold triggers 





al., 2013; Koivomagi et al., 2011) and the Cnn1 metaphase phospho-threshold may 
initiate phosphatase activity on S74 and surrounding residues. S74 from Cnn1 likely 
needs surrounding sites to be phosphorylated because the Cnn160-84 sequence can replace 
a similar Ndc80 binding motif in the Dsn1 protein, indicating S74 is not phosphorylated 
in that context (Malvezzi et al., 2013). In addition, the phosphorylation sites contributing 
to the phospho-threshold must be within the N-terminal residues because we show that 






Figure 2-15 Role of SIS and HFD in chromosome segregation.  
(A) Schematic depicting the expression and activity of Mps1 relative to Cnn1 through the 






 We note that S74 is conserved among most budding yeasts, except for C. glabrata 
which has an aspartic acid (D63) at this site demonstrating an evolutionary difference in 
phosphorylation sites. This change in phospho-regulation could be an important feature in 
understanding the evolution of phosphorylation sites and is consistent with positional 
flexibility of Cdk1 sites among orthologous proteins (Holt et al., 2009). The transition 
from negative regulation of the Cnn1-Ndc80 interaction by Mps1 to the suggested 
positive regulation by CDK1 in the vertebrate orthologs (Nishino et al., 2013) is a 
striking example of regulatory transition involving kinases through evolution. 
 Next to driving Cnn1 to kinetochores, the HFD may have additional roles. The 
association of the Cnn1 HFD can change the environment and activity of the centromere 
region and/or the kinetochore, as over-expressing the HFD in a kinetochore-defective 
strain rescued its viability (Figure 2-9B). The nnf1-17 strain has reduced levels of the 
Mtw1 and Ndc80 complexes (De Wulf et al., 2003; Westermann et al., 2003) resulting in 
an unstable kinetochore hence we hypothesize that Cnn1 HFD promotes kinetochore 
function possibly by incorporation into chromatin. This is consistent with the more 
diffuse signal observed for Cnn1ΔHFD-GFP (Figure 2-13) compared to Cnn1-GFP. 
Although this centromere-HFD interaction has not been delineated in yeast, Cnn1 may be 
part of a nucleosome-like structure as suggested for CENP-T (Nishino et al., 2013; 
Nishino et al., 2012; Takeuchi et al., 2014). However, Basilico et al. have proposed a 
non-nucleosomal population, first because the CENP-HIKM complex is required for 
CENP-T recruitment and second because CENP-T turns over at centromeres (Basilico et 





Cnn1 in anaphase suggests a non-nucleosomal population and prompts further studies 






CHAPTER 3. SGO1 INTERACTION AT THE CENTROMERE REGION 
3.1 Introduction 
 Erroneous segregation causes aneuploidy and genomic instability, which is a 
hallmark of cancer, tumorigenesis and birth defects. To prevent missegregation, cells 
have a quality control mechanism that halts the progression of the cell cycle from 
metaphase to anaphase until the error is resolved. This quality control mechanism 
monitors kinetochore-spindle attachment and tension between sister chromatids. Tension 
between the sister-chromatids is the result of bi-polar attachment where each of the sister 
kinetochores attach to spindles emanating from opposite poles.  
 One of the essential components for performing quality control and detecting 
tension is the Shugoshin protein (Sgo1). Shugoshins are conserved between different 
species especially for the N-terminal coiled-coil region and C-terminal basic (SGO motif) 
region (Figure 1-12) (Kitajima et al., 2004; Marston, 2015). In some species including S. 
pombe, there are two Shugoshin proteins (Sgo1 and Sgo2) but in the budding yeast, only 
Sgo1 is present. Although Sgo1 is dispensable for budding yeast viability, it is essential 
in higher eukaryotes. A main role of Sgo1 is to protect cohesion in meiosis I (Goulding 
and Earnshaw, 2005; Kitajima et al., 2004; Kitajima et al., 2006; Marston et al., 2004; 
Rabitsch et al., 2004), hence it was named after the Japanese “guardian” spirit, Shugoshin. 






meiosis (Kitajima et al., 2004; Marston et al., 2004 Katis et al., 2004; Rabitsch et al., 
2004) and also in vertebrate mitosis (Kitajima et al., 2006; McGuinness et al., 2005; 
Riedel et al., 2006; Tang et al., 2006; Xu et al., 2009). However, in budding yeast mitosis, 
Sgo1 appears to have limited to no significant role in cohesion protection (Indjeian et al., 
2005; Katis et al., 2004; Kiburz et al., 2005; Peplowska et al., 2014). Instead, Sgo1 plays 
a role in tension sensing on mitotic chromosomes by promoting kinetochore bi-
orientation (Indjeian and Murray, 2007; Indjeian et al., 2005; Kawashima et al., 2007; 
Kiburz et al., 2008; Luo et al., 2010). Although the intricate pathways and some 
mechanisms have been elucidated for how Sgo1 transmits tension status, it is not clear 
how Sgo1 senses the lack of tension. 
 Sgo1 can be enriched at centromere and pericentromere regions (Kiburz et al., 
2005; Luo et al., 2010). In budding yeast, Sgo1 promotes chromosome bi-orientation via 
two independent pathways. First, the Sgo1 interaction with PP2A recruits condensin at 
the centromere region and bi-orientation is established via activation of Ipl1 (Peplowska 
et al., 2014; Verzijlbergen et al., 2014). The absence of condensin due to loss of Sgo1-
PP2A interaction is shown to result in an abnormal conformation of the centromere 
region (Peplowska et al., 2014). Consistent with this study, it was shown that the 
centromere region is stretched in cells lacking condensin (Stephens et al., 2011b).  
Furthermore, disrupting centromeric condensin resulted in altered localization of Ipl1 at 
the centromere region while having no affect on PP2A and Sgo1 localizaiton (Peplowska 
et al., 2014; Verzijlbergen et al., 2014). Thus, Sgo1 acts upstream of condensin and is 
responsible for maintaining Ipl1 at the centromere region during establishment of bi-






bi-orientation via activation of an Ipl1 independent pathway through activity of Bub1 and 
Mps1 kinases (Storchova et al., 2011). Previous works have shown that Bub1 activity is 
required to maintain localization of Sgo1 at the centromere region and its absence results 
in bi-orientation defects (Fernius and Hardwick, 2007; Indjeian and Murray, 2007). Bub1 
phosphorylation on histone H2A (S121) in fission yeast meiosis results in recruitment of 
Sgo1 at the centromere region (Kawashima et al., 2010). Using mutational analysis, 
Kawashima and colleagues showed that Sgo1 recruitment is facilitated by direct binding 
of its C-terminus SGO motif and Bub1 mediated phosphorylated H2A (Kawashima et al., 
2010). Likewise, the Bub1-H2A-shugoshin pathway is also conserved in mammalian and 
budding yeast mitosis (Kawashima et al., 2010). Another study identified Mps1 kinase as 
an upstream regulator of Sgo1, and found that recruitment of Sgo1 at the centromere 
region depends on the Mps1 kinase activity in budding yeast (Storchova et al., 2011) and 
human (van der Waal et al., 2012) mitosis. However, a direct interaction between Sgo1 
and Mps1 has not been established and the detailed mechanism is poorly understood. 
Furthermore, the upstream regulator of Sgo1 for the Ipl1 dependent pathway is not 
known. An emerging model of the Shugoshins (Sgo1 and Sgo2) suggests that they form a 
pericentric platform and recruit adaptor proteins based on the cell cycle context (Figure 
1-14) (Marston, 2015). However, the mechanism of how Sgo1 is recruited at the 
centromere and/or pericentromere region is not well understood. 
 Previous studies in our lab in collaboration with Min-Hao Kuo (Michigan State 
University) have shown that Sgo1 is recruited at the pericentromere by interacting with 
histone H3 and this interaction is essential for bi-orientation and also tension sensing 






reduction of Sgo1 localization at the pericentromere, but does not affect its centromere 
localization via ChIP (Luo et al., 2010). In addition, a direct interaction between H3 and 
Sgo1 was demonstrated using in vitro pulldown and far-western approaches (Luo et al., 
2010). Together these studies indicate that Sgo1 is recruited via interaction with 
chromatin-associated histone proteins such as H3 and H2A. However, histone H3 is not 
present in the centromeric nucleosome hence Sgo1 recruitment and the interacting 
partners at the centromere have not been established firmly. 
 The centromere harbors a specialized nucleosome where histone H3 is replaced 
by a centromere specific histone H3 variant (CenH3), Cse4 in budding yeast and CENP-
A in metazoans (Camahort et al., 2009; Kingston et al., 2011; Smith, 2002). CenH3 
proteins are evolutionary conserved and are essential for cell viability (Keith et al., 1999). 
Cse4 has a HFD at its C-terminus that associates with the centromere and the HFD has 
more than 60% identity with the HFD of H3 (Malik and Henikoff, 2003). On the other 
hand, Cse4 consists of a 135 amino acid N-terminal tail that has relatively low similarity 
in sequence and length among different species. In addition, the N-terminal tail is 
essential for budding yeast cell viability (Chen et al., 2000; Keith et al., 1999) compared 
to the H3 N-terminal tail, which is not crucial for cell viability (Mann and Grunstein, 
1992). Previous studies have demonstrated that replacing CENP-A with Cse4 is capable 
of rescuing the lethality of RNAi induced depletion of CENP-A in HeLa cells (Wieland 
et al., 2004). This interchangeability between Cse4 and CENP-A indicates a conserved 
function in budding yeast and humans. The region that is important for cell viability in 
Cse4 has been mapped to the 28-60 amino acid residues and is known as the END (Chen 






proteins including Ctf19/Mcm21/Okp1 complex as shown by Y2H (Chen et al., 2000; 
Ortiz et al., 1999). Mutation in Cse4 reduces kinetochore recruitment at the centromere 
and causes segregation defects (Chen et al., 2000; Keith et al., 1999; Samel et al., 2012). 
These lines of evidence suggest an important role for Cse4 in recruiting various 
kinetochore components and mediate kinetochore function via protein-protein 
interactions.  
 To elucidate the mechanism of Sgo1 localization to the centromere, we 
investigated the interaction between Cse4 and Sgo1 in budding yeast. Our previous study 
showing the possible interaction of Sgo1 with H3 suggests that because Cse4 replaces H3 
at the centromere, Cse4 could interact with and be responsible for recruitment of Sgo1 at 
the centromere. Previous studies have shown that the localization signal of human 
Sgo1/Sgo2 was close to CENP-A using immunostaining of HeLa cells (Watanabe, 2005). 
In addition, Bloom and colleagues have shown that tagged Sgo1 and Cse4 have 
fluorescent protein foci that are 60 nm apart (Haase et al., 2012). These two pieces of 
evidence suggest an interaction between Cse4 and Sgo1 considering Sgo1 has an 
extended protein conformation. Therefore, we investigated if Cse4 is capable of 
recruiting Sgo1 at the centromere via a direct interaction. We hypothesize that Cse4-
mediated recruitment of Sgo1 sets up the platform that allows the recruitment of 
subsequent adaptor proteins that leads to and controls the mitotic process. This work will 
also provide insights into the regulation of kinetochore attachment and how these 






3.2 Materials and methods 
3.2.1 Yeast cell growth conditions 
 Yeast cell growth condition was as described in Chapter 2.2.1. W303, sgo1Δ or 
cnn1ΔSpc110-mCherry strains expressing DBD1-74-Sgo11-150-EGFP were grown in 
synthetic glucose medium deficient in tryptophan and switched to 2% raffinose and 2% 
galactose medium for 30 min or 2-4 h to induce DBD1-74-Sgo11-150-EGFP expression. 
GAL1-CSE4 (YMB6969) and GAL1-cse4Δ129 (YMB6968) strains (kindly provided by 
Munira Basrai, NIH) were grown in either YEP or synthetic media supplemented with 2% 
raffinose and 2% galactose. 
3.2.2 DNA manipulation 
 The strains and plasmids used in this study are listed in Table 3-1 and Table 3-2 
respectively. Various Cse4 and Sgo1 truncations used in Y2H were expressed as fusion 
protein with Gal4-DBD or Gal4-AD and cloned into pBDC and pADC vectors. All Cse4 
point mutants (K49A; R54A; R55A; R54A and R55A; T95A; P100A; S105A; K115A 
and R116A; R116A and R117A; and P116) were expressed as fusion protein with Gal4-
DBD at its C-terminus. Similarly, all Cse4 tail point mutants (K49A; R54A; R55A; 
R54A and R55A; T95A; P100A; S105A; K115A and R116A; R116A and R117A; and 
P116) were expressed as fusion protein with Gal4-DBD at its N-terminus. Visarut 
Buranasudja cloned the N-terminal DBD or AD fusion Cse4 and Sgo1 constructs into 






linearized using NruI (NEB) and gene of interests were PCR amplified and cloned into 
these vectors using homologous recombination. 
 An expression vector expressing Sgo11-150-GFP was constructed into the 
pAG414-GAL-ccdB-EGFP plasmid by gateway cloning. This vector consists of an 
intervening linker from pOBD2 plasmid and encodes the first 74 residues of the Gal4-
DBD (DBD1-74) including a nuclear localization sequence (NLS). Briefly, PCR amplified 
DBD1-74-Sgo11-150 was cloned into the pDONR221 (Invitrogen) vector using BP clonase 
(Invitrogen) enzyme as per manufacturers instruction. DBD1-74-Sgo11-150 was shuttled 
into pAG414-GAL-ccdB-EGFP plasmid (Addgene) from pDONR221 using LR clonase 
(Invitrogen) enzyme to produce pAG414-GAL-DBD1-74-Sgo11-150-EGFP. These plasmids 
were transformed into W303, sgo1Δ or cnn1Δ Spc-110-mCherry strains using PEG/LiAc 
method.  
 Similarly, DBD1-74-Sgo11-150 was also cloned into pAG413-GAL-ccdB-EGFP and 
pAG413-GPD-ccdB-EGFP using gateway cloning. These plasmids were transformed into 
GAL-CSE4 WT and GAL-cse4Δ129 strains using PEG/Lithium acetate method.  
 Plasmids 416-CYC1 and 416-TEF (Mumberg et al., 1995) were linearized with 
HindIII (NEB). Sgo11-150-EGFP consisting of NLS from pOBD2 plasmid (as above) was 
amplified from pAG414-GAL-DBD1-74-Sgo11-150-EGFP vector and shuttled into 416-
CYC1 and 416-TEF using homologous recombination. 
 6His-3HA-Cse4 plasmids cloned into pRS426, vector only (pMB433), GAL-
CSE4 (pMB1458) and GAL-Cse4Δ129 (pMB1459) were obtained from Munira Basrai. 
These plasmids were transformed into Sgo1-9myc strain (AMy905, gift from Adele 






provided by Min-Hao Kuo (Michigan State University) and was transformed into GAL1-
CSE4 (YMB6969) and GAL1-cse4Δ129 (YMB6968) strains. 
3.2.3 Co-immunoprecitation 
 Sgo1-9myc strains expressing 6His-3HA-Cse4 WT (pRS426) or 6His-3HA-
Cse4Δ129 (pRS426) were grown overnight in synthetic medium containing 2% glucose 
at 30 °C. The cells were harvested, washed and diluted to OD600=0.2 in 2% raffinose and 
2% galactose medium and induced for 4 h, 6 h or 8 h. GAL-CSE4 and GAL1-cse4Δ129 
strains expressing 3HA-Sgo1-13myc (pXD25) were grown in 2% raffinose and 2% 
galactose containing media and cells were collected at logarithmic phase. Equal 
concentration of cells (OD600= 5 or 10) were collected by centrifugation at 4000 rpm for 
10 min and stored at -20 °C until ready to use. 
 To prepare whole cell lysates, cell pellets were resuspended into 250 µl of ice-
cold 1X lysis buffer (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 5 mM 
MgCl2, 1 mM DTT and 5% glycerol) supplemented with protease inhibitor cocktail set 
IV (Calbiochem). 250 µl of glass beads (Sigma) were added into the mixture and were 
processed in bead beater 3X for 1 min each with 5 min intervals on ice at homogenizing 
intensity (50,000 x g). Whole cell lysates were obtained by spinning down the cell debris 
at 16,000 x g at 4 °C for 5 min. A fraction of the lysates was collected as input. To 
prepare for co-immunoprecipitation, 5 µg of anti-c-Myc-agarose beads (Santa Cruz) was 
washed with 1X lysis buffer and the remaining lysates were added to the agarose beads 
and incubated at 4 °C overnight with gentle rocking. The beads were collected by pulsing 






eluted in 1X Laemmli buffer by boiling for 5 min. The protein samples were resolved on 
4–15% Mini-PROTEAN TGX Precast Gels (Biorad) and transferred onto nitrocellulose 
or PVDF membrane (Biorad) using Trans-Blot Turbo Transfer system (Biorad) for 7 min. 
The membrane was blocked for 1 h using 5% BLOT-QuickBlocker (G-Biosciences) at 
room temperature. The membrane was washed briefly in 1X PBST and incubated 
overnight at 4 °C with 1:1,000 or 1:500 dilution of mouse monoclonal anti-HA antibody 
(Sigma) or 1:100 dilution of anti-c-Myc (9E 10) antibody (DSHB, University of Iowa). 
Following three washes with 1X PBST, the membrane was incubated with 1:10,000 
dilution of secondary anti-rabbit-HRP conjugated antibody (GE Healthcare) or secondary 
anti-mouse-HRP conjugated antibody (GE Healthcare) for 1 h at room temperature. 
Following washing, images were acquired using Clarity Western ECL substrate (Biorad) 
and a ChemiDoc Touch Imaging System (Biorad). 
3.2.4 Yeast two-hybrid assay 
 Y2H assay was performed as described in Chapter 2 (see section 2.2.7) 
3.2.5 Benomyl serial dilution assay 
 For serial growth dilution assays, the strains overexpressing Sgo11-150-EGFP from 
GAL1 promoter were grown overnight in synthetic medium lacking tryptophan with 2% 
glucose. Cells were diluted to OD600=0.6 and five-fold serial dilutions were spotted onto 
synthetic medium lacking tryptophan with 2% raffinose and 2% galactose plates (induced 






Synthetic medium lacking tryptophan with 2% glucose (to suppress expression) in 
presence of benomyl was used as control plates.  
3.2.6 Fluorescence microscopy 
 Live cell images of cells expressing Sgo11-150-EGFP were imaged as described in 
Chapter 2 (see section 2.2.8). 
3.2.7 Homologous recombination 
 Homologous recombination was performed as described previously 
(http://depts.washington.edu/sfields/protocols/cloning_protocol.html) (Gietz and Woods, 
2006). Briefly, strains were grown in appropriate medium overnight at 30 °C. The cells 
were collected and resuspended in 0.1 M LiAc. After that, 1X PEG/LiAc/TE solution was 
added to the yeast mix together with 50 ng linearized vector DNA. Next 3 µl of PCR 
amplified gene of interests with appropriate controls were added to the yeast mix and 
incubated for 30 min at 30 °C and heat shocked at 42 °C for 15 min. Finally all the cells 
were plated in appropriate medium for 1-3 d at 30 °C. All the colonies were collected and 
mixed together and the recombined plasmid DNA was purified using zymoprepTM yeast 
plasmid miniprep II (Zymo Research) kit. 2 µl of this yeast DNA was used to transform 







Table 3-1 Strains used in this study 




leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 Marston Lab 
THY2217 AMy826 sgo1Δ Marston Lab 
THY2110 PDW2216 cnn1Δ::NatMX4, SPC110-mCherry::hphMX3 De Wulf Lab 
THY2219 AMy905 Sgo1-9Myc::TRP1 Marston Lab 
YMB6969 
 
GAL1-CSE4::NAT  Basrai Lab 
YMB6968 
 
GAL1-cse4Δ129::NAT  Basrai Lab 
THY2468 PJ69-4a 
MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4 gal80 
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ 
Lab Collection 
THY2469 PJ69-4α 
MATα trp1-901 leu2-3,112 ura3-52 his3-200 gal4 gal80 




YMB6969 416-CYC-DBD(1-74)-Sgo1(1-150)-EGFP This study 
KTY2414 
 
YMB6968 416-CYC-DBD(1-74)-Sgo1-(1-150)-EGFP This study 
KTY2416 
 
YMB6969 416-TEF-DBD(1-74)-Sgo1(1-150)-EGFP This study 
KTY2417 
 
YMB6968 416-TEF-DBD(1-74)-Sgo1-(1-150)-EGFP This study 
VBY2221 
 
AMy905 GAL-6His-3HA (vector only) This study 
VBY2222 
 
AMy905 GAL-6His-3HA-Cse4 This study 
VBY2223 
 
AMy905 GAL-6His-3HA-Cse4Δ129 This study 
KTY2418 
 
YMB6969 ADH-3HA-Sgo1-13myc This study 
KTY2419 
 
YMB6968 ADH-3HA-Sgo1-13myc This study 
KTY2341 
 
PJ694α pBDC-Cse4-DBD This study 
KTY2342 
 
PJ694α pBDC-Cse4(1-27)-DBD This study 
KTY2343 
 
PJ694α pBDC-Cse4(1-135)-DBD This study 
KTY2344 
 
PJ694α pBDC-Cse4(28-65)-DBD This study 
KTY2345 
 
PJ694α pBDC-Cse4(80-110)-DBD This study 
KTY2346 
 
PJ694α pBDC-Sgo1-DBD This study 
KTY2347 
 
PJ694α pBDC-Sgo1(318-590)-DBD This study 
KTY2348 
 
PJ694α pBDC-Sgo1(1-317)-DBD This study 
KTY2349 
 
PJ694α pBDC-Sgo1(1-250)-DBD This study 
KTY2350 
 
PJ694α pBDC-Sgo1(1-150)-DBD This study 
KTY2351 
 







Table 3-1 Continued. 
KTY2352 
 
PJ694α pBDC-H3(1-56)-DBD This study 
KTY2355 
 
PJ694α pBDC-Bik1(232-293)-DBD This study 
KTY2356 
 
PJ694α pBDC-Ctf19-DBD This study 
KTY2357 
 
PJ694α pBDC-Scm3-DBD This study 
KTY2358 
 
PJ694α pBDC-DBD This study 
KTY2359 
 
PJ694A pADC-Cse4-AD This study 
KTY2360 
 
PJ694A pADC-Cse4(1-27)-AD This study 
KTY2361 
 
PJ694A pADC-Cse4(1-135)-AD This study 
KTY2362 
 
PJ694A pADC-Cse4(28-65)-AD This study 
KTY2363 
 
PJ694A pADC-Cse4(80-110)-AD This study 
KTY2364 
 
PJ694A pADC-Sgo1-AD This study 
KTY2365 
 
PJ694A pADC-Sgo1(318-590)-AD This study 
KTY2366 
 
PJ694A pADC-Sgo1(1-317)-AD This study 
KTY2367 
 
PJ694A pADC-Sgo1(1-250)-AD This study 
KTY2368 
 
PJ694A pADC-Sgo1(1-150)-AD This study 
KTY2369 
 
PJ694A pADC-Sgo1(1-132-AD This study 
KTY2370 
 
PJ694A pADC-H3(1-56)-AD This study 
KTY2371 
 
PJ694A pADC-Rts1-AD This study 
KTY2372 
 
PJ694A pADC-Nnf1(125-174)-AD This study 
KTY2373 
 
PJ694A pADC-Bik1(232-293)-AD This study 
KTY2374 
 
PJ694A pADC-Ctf19-AD This study 
KTY2375 
 
PJ694A pADC-Scm3-AD This study 
KTY2376 
 








Table 3-2 Plasmids used in this study 
Plasmid Relevant markers Source 
PKT0262 pAG414-GAL-DBD(1-74)-Sgo1(1-150)-EGFP This study 
PVB0263 pBDC-DBD-Cse4(1-135) Hazbun Lab 
PVB0264 pBDC-DBD-Sgo1(1-150) Hazbun Lab 
PVB0265 pBDC-DBD-Sgo1(1-132) Hazbun Lab 
PVB0266 pADC-AD-Cse4(1-135) Hazbun Lab 
PVB0267 pADC-AD-Sgo1(1-150) Hazbun Lab 
PVB0268 pADC-AD-Sgo1(1-132) Hazbun Lab 
PKT0301 pBDC-Cse4-DBD This study 
PKT0302 pBDC-Cse4(1-135)-DBD This study 
PKT0303 pBDC-H3-(1-56)-DBD This study 
PKT0304 pADC-Cse4-AD This study 
PKT0305 pADC-Cse4(1-135)-AD This study 
PKT0306 pADC-Sgo1(1-150)-AD This study 
PKT0307 pADC-Sgo1(1-132)-AD This study 
PMB433 pRS426 Basrai Lab 
PMB1458 pRS426-Cse4 Basrai Lab 
PMB1459 pRS426-Cse4(Δ129) Basrai Lab 
PTH0315 pBDC-DBD-Cse4 tail Hazbun Lab 
PTH0316 pBDC-DBD-H3 Hazbun Lab 
PKT0321 pBDC-Cse4-DBD-K49A This study 
PKT0322 pBDC-Cse4-DBD-R54A This study 
PKT0323 pBDC-Cse4-DBD-R55A This study 
PKT0324 pBDC-Cse4-DBD-R54A, R55A This study 
PKT0325 pBDC-Cse4-DBD-T95A This study 
PKT0326 pBDC-Cse4-DBD-P100A This study 
PKT0327 pBDC-Cse4-DBD--S105A This study 
PKT0328 pBDC-Cse4-DBD--K115T, R116T This study 
PKT0329 pBDC-Cse4-DBD-R116A, R117A This study 
PKT0330 pBDC-Cse4-DBD--add-Pro116 This study 
PKT0332 416-CYC1-DBD1-74-Sgo1-150-EGFP This study 
PKT0333 416-TEF-DBD1-74-Sgo1-150-EGFP This study 






Table 3-2 Continued. 
PKT0335 pAG413-GAL-DBD(1-74)-Sgo1(1-150)-EGFP  This study 
PMK0338 pXD25-3HA-Sgo1-13myc  Kuo Lab 
PKT0339 pBDC-DBD-Cse4(1-135)-K49A This study 
PKT0340 pBDC-DBD-Cse4(1-135)-R54A This study 
PKT0341 pBDC-DBD-Cse4(1-135)-R55A This study 
PKT0342 pBDC-DBD-Cse4(1-135)-R54A, R55A This study 
PKT0343 pBDC-DBD-Cse4(1-135)-T95A This study 
PKT0344 pBDC-DBD-Cse4(1-135)-P100A This study 
PKT0345 pBDC-DBD-Cse4(1-135)-S105A This study 
PKT0346 pBDC-DBD-Cse4(1-135)-K115A, R116A This study 
PKT0347 pBDC-DBD-Cse4(1-135)-R116A, R117A This study 








3.3.1 Sgo1 binds to the H3 N-terminal tail comprising residues 1-56 
 Previous studies from the Kuo lab have demonstrated an interaction between H3 
and Sgo1 both in vitro and in vivo and shown that this interaction is essential for Sgo1 
recruitment at the pericentromere and its bi-orientation and also tension sensing function 
(Luo et al., 2010). Our preliminary data demonstrated the binding of Sgo1 with a shorter 
N-terminal H3 fragment, residues 1-38 in pulldown assays (Figure 3-1).  In addition, this 
figure also demonstrates an interaction with the Cse4 tail but a lack of interaction with 
the Cnn1 tail. To investigate the Cse4-H3 interaction using an orthologous method, we 
employed the Y2H system. In the initial screen, Sgo1 constructs were expressed as fusion 
proteins with the Gal4-AD and/or Gal4-DBD at its N-terminus (DBD-Sgo11-150, DBD-
Sgo11-132, AD-Sgo11-150 and AD-Sgo11-132). H3 was expressed as a fusion protein with the 
Gal4-DBD at its N-terminus. The results from testing these combinations indicated an 
interaction between Sgo1 and H3 (Figure 3-2A). Previous studies have shown that the N-
terminal coiled-coil region of Sgo1 is important for Sgo1 dimerization including the 
report of the crystal structure of the human Sgo1 N-terminal region (Xu et al., 2009). 
Additionally, Sgo1 dimerization is required for the N-terminal-based interaction with 
other proteins such as PP2A (Xu et al., 2009). Our Y2H results revealed that Sgo11-150 and 
Sgo11-132 could interact with each other. The H3 bait with a N-terminus DBD (DBD-H3) 
has self-activating ability as indicated by growth even in the presence of high levels of 3-
AT (10 mM), which reduces background growth in the control strains (Figure 3-2A). 






considerably increased growth occurs compared to the negative controls Cnn1 and vector 
with no insert (pADC). 
To address the issue of self-activation by the DBD-H3 strain, we created C-
terminal fusions of these constructs (Sgo11-150-DBD or Sgo11-132-AD, H31-56-AD and H31-
56-DBD) to confirm the previously observed interactions. These fusion proteins 
eliminated self-activation from the bait strain and indeed verified the interaction between 
H31-56 and Sgo11-132 using the C-terminal fusions (Figure 3-2B). 
We also probed the interaction with longer Sgo1 fragment (Sgo11-317) binding 
with H31-56 by Y2H. Our Y2H analyses identified an alteration in the binding profile of 
Sgo11-317 and H31-56, because growth was not visible on Y2H selective media (Figure 
3-2B). Sgo11-317 appears to be expressed and functional because it can interact with two 
positive controls, namely a dimerization interaction with Sgo11-150 and an interaction with 
the PP2A-B’ subunit, Rts1 (See Figure 1-13 for the co-crystal structure showing this 
interaction).  The lack of interaction with H31-56 could be due to the presence of an 
inhibitory motif in the additional C terminal residues of Sgo11-317 compared to Sgo11-150. 
Further studies, to explore this possibility are needed to confirm the presence of an 
inhibitory motif or modulating post-translational modification(s). In conclusion, we have 
identified the interaction between Sgo1 and H3 tail and an interaction domain has been 
mapped to the first 132 residues of Sgo1 and the first 56 N-terminal residues of H3 based 
on Y2H (Figure 3-2C) and the first 38 N-terminal residues based on pulldown assays 
(Figure 3-1).  Although an interaction between H3 and Sgo1 had been previously 
demonstrated, this is the first evidence showing the interaction is mediated by the N-











Figure 3-1 Sgo1 associates with H3 and Cse4 tails. 
Pulldown assay of GST-Cse4 tail (residues 1-135), GST-Histone H3 tail (residues 1-38) 
or GST-Cnn1 tail (residues 1-150) with bacterial cell lysate containing His6-Sgo1. The 
bound proteins were subjected to western blot using α-GST (top) and α-His6 (bottom). 
GST indicates negative control. *Indicates proteolytic products of Sgo1 confirmed by 
































Figure 3-2 Y2H investigation of the H3-Sgo1 interaction.  
A) N-terminal Gal4-DBD or -AD fusion H3 and Sgo1 result in Y2H positive strain 
growth. pBDC:  bait vector with no insert. pADC: prey vector with no insert. Cnn1: 
negative control. Note: DBD-H3 is a weak self-activator. SD-TL: synthetic dextrose 
media deficient in tryptophan and leucine. SD-TLH: synthetic dextrose media deficient in 







–AD but not with Sgo1
1-317
–AD. Scm3: negative control. 
Rts1: positive control. C) Summary of H3 interaction with Sgo1. n.d.: not determined.  
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3.3.2 Sgo1 interaction with Cse4 using Y2H 
 Our previous preliminary data has shown a strong interaction between Sgo1 and 
Cse4 N-terminal tail (residues 1-135) based on in vitro experiments using pulldown 
assays (Figure 3-1) and confirmed by BLI with an estimated Kd of 0.032 µM. In addition, 
a primary interaction site was mapped to Cse449-65 (part of Cse4 END) with a Kd of 0.46 
µM. Furthermore, a secondary binding site at Cse490-135 was also identified (Buranasudja, 
2013). We next explored these interactions using Y2H analysis. The first Y2H screen 
consisted of full-length Cse4 and Cse41-135 with N-terminal DBD (DBD-Cse4, DBD-
Cse41-135), Sgo11-150 and Sgo11-132 with N-terminal AD (AD-Sgo11-150 and AD-Sgo11-132) 
or vice versa (AD-Cse4, AD-Cse41-135, DBD-Sgo11-150 and DBD-Sgo11-132). Sgo11-150 and 
Sgo11-132 interacted with each other as indicated by strong strain growth, whereas they did 
not interact with Cse4 in any orientation based on the lack of growth on selective media 
(Figure 3-3A). This may be due to several limitations of this assay including expression 
level, protein stability or impaired access to interaction sites.  
We next generated these constructs as well as other truncations of Cse4 (residues 
1-135, 1-27, 28-65 and 80-110) and Sgo1 (residues 1-317, 1-250, 1-150, 1-132 and 318-
590) with C-terminal DBD or AD (Cse4-DBD, Cse4-AD, Sgo1-DBD or Sgo1-AD and 
their respective truncations). Amongst all these permutations and constructs, we detected 
two interactions between Sgo1 and Cse4 as indicated by growth in strains harboring the 
Cse4-DBD and AD-Sgo11-132 plasmids or the DBD-Cse41-135 and Sgo11-132-AD plasmids 
(Figure 3-3B, C, D, E). Shorter fragments of Cse4 did not yield any interactions with 






the presence of the full-length Cse4 N-terminal tail in the context of Y2H. Full-length 
Cse4 could interact with the centromere-specific nucleosome chaperone, Scm3, but no 
interaction could be detected with the Cse4 N-terminal tail, consistent with previous 
studies indicating the Cse4-Scm3 interaction is mediated by a CATD motif present at the 
C-terminus of Cse4 (Camahort et al., 2009) (see Chapter 1). In addition, the C-terminal 
fusion orientation of the full-length Cse4 tail (Cse41-135 –DBD) was a very strong 
activator so possible interactions could not be assessed with this construct. In sum, our 
extensive dissection of possible interactions between Sgo1 and Cse4 fragments has 
delineated an interaction between the minimal fragment of Sgo11-132 and both full-length 







Figure 3-3 Y2H investigation of the Cse4-Sgo1 interaction.  




not reveal any positive 
interaction. pBDC:  bait vector with no insert. pADC: prey vector with no insert. Cnn1: 
negative control. B-E) Combination of N-terminus and C-terminus Gal4-DBD or -AD 
fusion Cse4 and Sgo1 demonstrate positive interactions highlighted in black boxes. 
Scm3: positive control for Cse4 and negative control for Sgo1. Rts1: positive control for 
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3.3.3 The Sgo1 N-terminus can drive in vivo localization to the centromere/kinetochore  
 To characterize the Sgo1 interaction in vivo, we examined Sgo1 localization at the 
centromere/kinetochore. We use the term “centromere/kinetochore” because the 
resolution of our imaging methods does not allow discernment between these structures. 
We cloned Sgo11-150 into the pAG414-GAL-ccdB-EGFP expression plasmid via gateway 
cloning with the addition of a linker at the N-terminus, which encodes the NLS from 
Gal4 DBD (DBD1-74-Sgo11-150-EGFP). Using live cell imaging, the DBD1-74-Sgo11-150-
EGFP localization signal with expression driven by the GAL promoter, was examined in 
an asynchronous cell population using bud size as a marker of cell cycle stage. We also 
used a strain with tagged Spc110, a SPB protein, which can be used as a cellular marker 
of mitotic entry (Lu et al., 2014; Straight et al., 1997; Thapa et al., 2015). We observed 
that Sgo11-150-GFP localized at the centromere/kinetochore throughout the cell cycle as 
demonstrated by single green foci or sometimes a bi-lobed foci in a W303 strain (Figure 
3-4A). In addition, Sgo11-150-GFP also demonstrated localization at the 
centromere/kinetochore in sgo1Δ strain and cnn1Δ Spc110-mCherry strain as indicated 
by a similar strong GFP foci signals (Figure 3-4B, C) demonstrating that endogenous 
Sgo1 or Cnn1 do not affect localization. We observed a GFP signal occur between 
recently separated spindle pole bodies indicating that the signal does represent 
centromere/kinetochore localization. Localization of Sgo11-150-GFP is very distinct and 
has similar intensity at all cell cycle phases, although a more rigorous and quantitative 







 Interestingly, when cells were induced with 2% galactose for longer duration 
(>2h), a moderate amount of cells (~36.07%; n=61) exhibited multiple Sgo11-150-GFP 
foci and more diffuse localization signals as a result of Sgo11-150 overexpression (Figure 
3-5). These multiple foci appear to be due to the formation of multiple SPBs because the 
GFP fluorescence signal overlapped with the Spc110-mCherry SPB marker. The 
formation of multiple SPBs is characteristic of strains with mutations in a range of 
kinetochore genes such as mps1-1 (Jaspersen et al., 2002), cut1 or separase in fission 
yeast (Uzawa et al., 1990), bik1 and ase1 (Pellman et al., 1995) mutants.  Surprisingly, 
this phenotype did not cause a marked decrease in strain viability. 
We conclude that the Sgo11-150 fragment is sufficient for specific 
centromere/kinetochore localization and this localization is not dependent on endogenous 
Sgo1 because there was no difference observed between WT and sgo1Δ strains, hence 
Sgo11-150 is not recruited by dimerizing with the endogenous Sgo1 protein. Our data show 
that the C-terminus of Sgo1 residues 151-560 are dispensable for its localization and/or 
interaction with the centromere/kinetochore. In addition, the Y2H studies show that the 
N-terminal region is important for Sgo1 dimerization consistent with previous studies 
including a crystal structure of human Sgo1 N-terminal region (Xu et al., 2009). Hence, 
this data is the first evidence that the 1-150 N-terminal region of Sgo1 is sufficient to 
drive localization to the centromere/kinetochore possibly due to interactions with other 








Figure 3-4 In vivo localization of Sgo1
1-150 
at the centromere region showing single foci, 
bi-lobed foci or two distinct foci. 
Representative images of cells expressing DBD-Sgo1
1-150
-EGFP from PGAL promotor at 
G1, S phase, metaphase (M) and anaphase (A) in W303 (A), sgo1Δ strain (B) and cnn1Δ 
Spc110-mCherry strain (C). Cells were induced with 1% or 2% galactose for 30 min 







G1 S M A 
DBD-Sgo11-150-EGFP 




















Figure 3-5 Overexpression of DBD-Sgo1
1-150
-EGFP showing multiple foci co-localizing 
with a SPB marker. 
Representative images of cells expressing DBD-Sgo1
1-150
-EGFP from PGAL promotor in 
cnn1Δ Spc110-mCherry strain. Cells were induced with 1% or 2% galactose for 4 h 



















3.3.4 Interaction between Cse4 and Sgo1 in vivo 
 Previous studies have shown that Cse4 END is important in interactions with 
other kinetochore proteins such as Ctf19 using Y2H (Chen et al., 2000). However, direct 
physical interaction with Cse4 has not been determined. Multiple sequence alignment of 
Cse4 using the MEME bioinformatic motif search tool (http://meme.nbcr.net) shows two 
conserved motifs present in the N-terminal tail (residues 49-56, which is part of END and 
95-102) (Figure 3-6). Preliminary data from our lab has shown that Cse4 (residues 49-64) 
is sufficient to interact with Sgo1 and residues 90-135 are also important in binding to 
Sgo1 in vitro (Buranasudja, 2013). Both of these fragments include the putative 
conserved motifs identified by MEME. In addition, we confirmed these interactions via 
Y2H (Figure 3-3).  
 Previous studies have shown that deletion of the first 129 residues of Cse4 and 
overexpressing its HFD was sufficient for centromere function and does not greatly affect 
cell fitness (Morey et al., 2004). Taking advantage of this system, we examined the 
localization of Sgo11-150 in the context of Cse4 END deletion using fluorescence live cell 
microscopy. We expressed DBD1-74-Sgo11-150-EGFP under TEF and CYC1 promoters in 
GAL-CSE4 (YMB6969) and GAL-Cse4Δ129 (YMB6968) strains. The high expression 
level using the TEF promoter resulted in a strong and homogenous nuclear signal and 
punctate dots throughout the cytoplasm for both strains (Figure 3-7). However, with 
DBD1-74-Sgo11-150-EGFP under CYC1 promotor, the expression level appears to be very 
low and no visible signal was detected in both of these strains (data not shown). Thus, it 






Sgo11-150-EGFP a narrow and specific level of expression is needed. Although these 
promoters were not useful for cell biology experiments they could possibly distinguish 













Figure 3-6 Multiple sequence alignment of conserved motifs in Cse4 tail.  
Top panel represents first conserved motif (residue 49-56) and bottom panel represents a 
second putative conserved motif (residue 95-102) in the Cse4 tail as determined using 











Figure 3-7 Strong homogenous localization of Sgo1
1-150 
throughout the nucleus obscures 
the ability to observe kinetochore/centromere localization. 
Representative images of cells expressing DBD-Sgo1
1-150
-EGFP from TEF  promotor in 




















3.3.5 Sgo1 binds to both Cse4 and Cse4Δ129 in vivo 
 To investigate the Sgo1-Cse4 interaction in vivo using an alternative method, we 
performed co-immunoprecipitation. Endogenous tagged Sgo1-9myc strain (AMy905) 
was transformed with 2µ-3HA-tagged Cse4 (pMB1458) or Cse4Δ129 (pMB1459) 
plasmids under GAL1 promoter. Following a four-hour induction with galactose to 
overexpress Cse4, Cse4 reproducibly co-immunoprecipitated with Sgo1-9myc from 
asynchronous cultures (Figure 3-8A). In addition, Cse4Δ129 co-immunoprecipitated with 
Sgo1 as well indicating that it can interact with Sgo1 (Figure 3-8A). To test if there is 
reduced binding with Cse4Δ129 strain we induced its expression for 6 and 8 hours with 
galactose to maximize the protein level. However, we did not observe noticeable 
reduction in binding to Sgo1 (Figure 3-8B). These strains have genomic copies of the 
Cse4 gene, thus both Cse4 and Cse4Δ129 could form heterodimers with the endogenous 
Cse4 (Chen et al., 2000; Morey et al., 2004). Therefore, we cannot exclude the possibility 
that the Cse4Δ129 interaction could be due to the formation of a heterodimer complex 
with endogenous Cse4 or other indirect bridging interactions. 
 To ask whether the interaction is due to presence of endogenous Cse4, we 
expressed 3HA-Sgo1-13myc under ADH promoter in GAL-CSE4 and GAL-Cse4Δ129 
strains with their endogenous CSE4 deleted. We observed that both Cse4 and Cse4Δ129 
co-immunoprecipitated with Sgo1 (Figure 3-9). This result indicates several possibilities. 
First, the interaction between Sgo1 and Cse4Δ129 could be due to an indirect bridging 
interaction with components of the kinetochore complex or the centromere. Second, the 






Cse4 HFD or the C terminal extension.  Previous studies have shown an interaction 
between Sgo1 and the H2A C-terminal extension (Kawashima 2010). In addition, we 
cannot exclude the possibility of a cell cycle regulated interaction between Sgo1 and 
Cse4. Hence, further evaluation is needed to determine if the interaction with Cse4Δ129 











Figure 3-8 Sgo1 associates with both Cse4 and Cse4Δ129. 
A) Cells expressing Sgo1-9myc were transformed using control vector or plasmids 
expressing HA-Cse4 or HA-Cse4Δ129. Following 4 h induction with 2% galactose, 
lysates were prepared and subjected to immunoprecipitation using anti-myc beads. The 
presence of Cse4 or Cse4Δ129 was analyzed using western blotting with anti-HA. B) 
Cell extracts were prepared at indicated times and co-immunoprecipitation between 
Sgo1-9myc and Cse4Δ129 were analyzed as in A. The 4 h induction experiment in A was 
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Figure 3-9 Sgo1 associates with both Cse4 and Cse4Δ129. 
Cells expressing Cse4 or Cse4Δ129 were transformed with plasmid expressing 3HA-
Sgo1-13myc. Lysates from log phase were subjected to immunoprecipitation using anti-
myc beads. The association of Sgo1 with Cse4 or Cse4Δ129 was detected by western 
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3.3.6 Overexpressing Sgo11-150 cannot suppress spindle assembly checkpoint function 
in response to benomyl toxicity 
 To probe the function of Sgo11-150 fragment at the kinetochore, we assessed 
benomyl sensitivity and rescue. Cells respond to the spindle poison, benomyl by 
activating the SAC, thus halting the progression of metaphase to anaphase. In our results, 
the fitness of sgo1Δ strain is reduced in presence of benomyl (Figure 3-10), indicating 
that Sgo1 contributes to SAC activity. Overexpression of Sgo11-150 in the sgo1Δ strain 
additionally diminishes fitness in the presence of benomyl.  This suggests that 
overexpression of the Sgo11-150 fragment does not contribute to mitotic checkpoint 
activity at the kinetochore and may have a dominant negative effect in the absence of 
endogenous Sgo1 and in conjunction with spindle stress. In support of the Sgo11-150 
fragments dominant negative activity, we observed formation of a multiple SPBs in cells 
overexpressing this fragment. Taken together, our results indicate that the Sgo11-150 
fragment is not sufficient for restoring the tension sensing function but is important for 
localization and interaction with the centromere/kinetochore (Figure 3-4). Expression of 
Sgo11-316 rescues benomyl sensitivity of the sgo1Δ strain suggesting that tensing sensing 















does not rescue sgo1Δ benomyl sensitivity.  
Serial dilution assay of cells overexpressing DBD-Sgo1
1-150
-EGFP from PGAL promoter in 
W303 or sgo1Δ strain incubated at 30°C for 3 d. Top panel is the repressed condition with 
or without 10 µg/ml benomyl and bottom panel is the inducing condition with or without 
10 µg/ml benomyl. 
  



























3.3.7 Cse4-Sgo1 interaction is abrogated with point mutations in Cse4 tail  
 To further examine the specific residues involved in the Cse4-Sgo1 interaction, 
alanine substitution mutations were introduced to the Cse4 tail and interactions with Sgo1 
analyzed using Y2H. Previous studies demonstrated that the Cse4 interaction with other 
kinetochore components was achieved via interaction with its N-terminal tail (Chen et al., 
2000; Samel et al., 2012). In addition, MEME analysis identified two conserved motifs 
within the N-terminal tail of Cse4 (Figure 3-6). Secondary structure prediction using 
circular dichroism spectroscopy analysis of Cse4 tail suggested that it is flexible and may 
fold upon an interaction with other proteins (Popsel, 2015). Furthermore, structural 
analysis from the Saccharomyces Genome Database (SGD) predicted a coil region in the 
N-terminal tail (residues 108-129) in Cse4. Therefore, guided by these conserved motifs 
and 2D structure predictions, we mutated several sites in the Cse4 tail and analyzed their 
ability to interact with Sgo1. 
 As summarized in Table 3-3, we observed three mutations in the Cse4 tail that 
lost their ability to interact with Sgo1 (Figure 3-11). First, the double mutant R54A and 
R55A abrogated the interaction with Sgo1 (Figure 3-11). Residues R54 and R55 
represent an arginine (R)-rich basic patch located within the END. Previous study have 
indicated a role of such R-rich motifs in CENP-A in mediating interaction with BubR1 in 
Drosophila (Torras-Llort et al., 2010). In addition, another study illustrated a role of such 
short basic patches in histone H4 in the interaction with a methyltransferase, Dot1 
(Disruptor of telomeric silencing-1) and a heterochromatin protein, Sir3 (Altaf et al., 






which is a target of Ipl1 kinase both in vitro and in vivo (Boeckmann et al., 2013). The 
third mutation in Cse4, an addition of a proline residue between residues 115 and 116 
(P116) also abrogated association with Sgo1 possibly due to the disruption of the coiled-
coil structure. Together our results illustrate that the basic patches, possible 
phosphorylation status of the S105 site and the putative coil region in Cse4 modulate the 







Table 3-3 Summary of sites tested in Cse4 tail 








K115A, R116A + 













Figure 3-11 Site-specific mutations in the Cse4 tail negatively regulate the interaction 
with Sgo1. 
Cse4 tail mutants R54A, R55A double mutant, S105A and the addition of a proline 
residue at position 116 eliminate the interaction with Sgo1
1-132 
as shown by Y2H. pBDC: 
bait vector with no insert; pADC: prey vector with no insert; WT: Wild type; black box 
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 Protein-protein interaction networks are central to the chromosome segregation 
process. Previous findings have shown that the N-terminal tail of Cse4 is essential for 
binding with several kinetochore components and mutation in the tail results in reduction 
of kinetochore recruitment and causes segregation defects (Chen et al., 2000; Keith et al., 
1999; Ortiz et al., 1999; Samel et al., 2012). Our findings provide the first evidence of a 
molecular interaction between Cse4 and Sgo1 in budding yeast. We demonstrate that 
Sgo1 interacts with Cse4 both in vitro and in vivo, specifically with the Cse4 tail.  
 Earlier studies have indicated that the interaction between Sgo1 and H3 is 
essential for Sgo1 recruitment at the pericentromere and lack of this interaction abolishes 
the recruitment of Sgo1 to the pericentromere (Luo et al., 2010). Here, we have mapped 
the interaction of Sgo11-132 with H31-56 indicating that the interaction occurs via the N-
terminal coiled-coil domain of Sgo1 and the H3 tail and this interaction could be 
sufficient for its tension sensing function at the pericentromere. Our work demonstrates a 
novel interaction partner for Sgo1 in budding yeast, which is Cse4 (centromere specific 
histone H3 variant). The interaction is specific for Sgo1, because Sgo1 does not interact 
with the N-terminal tail of another histone-fold containing protein, Cnn1 (Figure 3-1), yet 
interacts with H3 and Cse4 tails. Sgo1 interaction with both Cse4 and H3 is similar in 
that both occur via Sgo11-132 coiled-coil domain and their respective N-terminal tails. 
However, we hypothesize that Sgo1 is recruited to the pericentromere via association 
with H3 and at the centromere via binding to Cse4 and both of these interactions are 






 Based on in vitro pulldown assays and BLI measurements, preliminary data from 
our lab has shown that Sgo1 interacts with the Cse4 N-terminal tail. Here, we verified the 
interaction using orthologous methods including Y2H, live cell imaging and co-
immunoprecipitation. Moreover, this interaction is mapped to the first 132 residues of 
Sgo1 and the Cse4 tail. Support for this interaction was demonstrated by Y2H mutational 
analysis. Multiple sites in the Cse4 tail mediate the interaction with Sgo11-132 (Figure 
3-11). First, the R-rich basic patch in Cse4 (R544 and R55), which is a conserved 
characteristics of most eukaryotic CENP-A proteins (Torras-Llort et al., 2009), mediate 
an interaction with Sgo1, similar to previously identified interaction of CENP-A tail 
comprising R-rich motifs with BubR1 in Drosophila (Torras-Llort et al., 2010). Next, an 
additional R-rich motif present in the predicted coiled-coil region of Cse4 also plays a 
role in the association with Sgo1. Furthermore, the S105 site in Cse4 is a target of Ipl1 
kinase both in vitro and in vivo (Boeckmann et al., 2013) and its phosphorylation status 
may also facilitate the interaction with Sgo1. In an absence of tension or a defective 
kinetochore, the phosphorylation status of Cse4 (at several Ipl1 sites in the N-terminal tail 
including S105) is enriched at the centromere (Boeckmann et al., 2013). It has been 
proposed that the Ipl1 mediated phosphorylation of Cse4 is responsible for destablizing 
defective kinetochores (Boeckmann et al., 2013). However, the mechanism of how the 
phosphorylation of Cse4 by Ipl1 facilitates bi-orientation is currently unclear.  Our result 
illustrates that the phospho-null variant S105 (S105A) in Cse4 eliminates the interaction 
with Sgo1 (Figure 3-11).  It should be noted that we observed an interaction of Sgo1 with 
Cse4 using recombinant proteins (Buranasudja, 2013), where phosphorylation of S105 is 






S105 affects binding of Sgo1 to Cse4. Since Sgo1 is localized at the centromere region 
under lack of tension (Nerusheva et al., 2014), this raises the possibility that the role of 
Cse4 in promoting bi-orientation involves Ipl1-mediated regulation of the Sgo1-Cse4 
interaction. Tension triggers Sgo1 delocalization from the inner centromere to the 
kinetochore in cells from several eukaryotes including humans (Liu et al., 2013).  
Marston and colleagues showed that Sgo1 also delocalizes from the pericentromere upon 
the acquisition of tension (Nerusheva et al., 2014) but they did not focus on Sgo1-
centromere function, which we would hypothesize to be Cse4-dependent.We propose that 
Cse4 recruits Sgo1 at the centromere and regulates its function by ensuring its centromere 
localization in the context of the lack of tension.  
 Surprisingly, we find that the Sgo1 not only co-immunoprecipitated with Cse4 
full length but also with Cse4Δ129 in an asynchronous cell population (Figure 3-8, 
Figure 3-9). The Sgo1 co-immunoprecipitation with Cse4Δ129 could be due to bridging 
interactions that are part of a complex or because Sgo1 interacts with Cse4 in a region 
additional to the N-terminal tail.  Additional mutational and biochemical studies would 
confirm if another interaction site occurs. Future studies with X-ray crystallography will 
provide insights into the residues involved in this interaction and the tertiary nature of the 
interaction between Sgo1 N-terminal dimeric coiled-coil domain and the Cse4 N-terminal 
tail. Furthermore, co-immunoprecipitation with synchronized cell populations will shed 
light into the exact cell cycle dynamics of interaction between these two proteins.  
 Sgo1 recruitment at the centromere region via a Bub1 dependent pathway has 
been well established. Bub1 phosphorylation of H2A (S121) creates a mark for Sgo1 






(Kawashima et al., 2010). Our cell biology data indicate that a short Sgo11-150 fragment is 
sufficient for its localization at the centromere region. This Sgo1150 construct lacks the 
SGO motif (at C-terminus) but still localizes at the centromere region, suggesting that 
Sgo1 can be recruited via a Bub1 independent pathway. Recruitment of Shugoshin at the 
centromere region has been previously shown to be dependent upon HP1 in interphase in 
fission yeast and mammal, which is independent of Bub1 pathway (Kang et al., 2011; 
Yamagishi et al., 2008). This is evidence that there is an additional localization 
mechanism for Sgo1 at the centromere region. Since Sgo11-50–GFP signal is visible at the 
centromere /kinetochore; we propose that this localization is due to its interaction with 
Cse4. However, we cannot exclude the possibility that this localization could be due to 
interaction with H3 or yet unknown interacting partners. Together our data indicate that 
Sgo1151-560 fragment is dispensable for its interaction or localization at the centromere 
region. Further specific localization of Sgo1 due to interaction with H3 or Cse4 needs to 
be examined via ChIP analysis. ChIP analysis of Sgo1 in the presence or absence of the 
Cse4 tail also needs to be investigated further. These analyses will highlight the 
difference between pericentromeric and centromeric localization of Sgo1 and verify that 
the Cse4 END is indeed the interacting mechanism for recruitment of centromeric Sgo1. 
 Sgo1 is known to function as a tension sensor in budding yeast mitosis. Our 
benomyl assay indicated that Sgo11-150 fragment is not sufficient for tension sensing 
function. In fact, overproducing Sgo11-150 (in the absence of endogenous Sgo1) reduces 
cell fitness in the presence of benomyl suggesting that the smaller Sgo11-150 fragment 
may have a dominant negative effect under spindle stress. Overexpressing Sgo11-150 






sites. This phenotype might be associated with chromosome instability consistent with 
previous studies that showed shorter isoforms of Sgo1 acts as a dominant negative factor 
and had aberrant cell phenotype including an unstable cohesion (Kahyo et al., 2011; 
Suzuki et al., 2006). 
 Earlier studies have shown that in budding yeast mitosis, absence of Sgo1 doesn’t 
affect localization of cohesion (Katis et al., 2004; Kiburz et al., 2005; Peplowska et al., 
2014). However, a defective cohesion barrel has been observed in strains lacking Sgo1 
(Haase et al., 2012). In addition, lack of Sgo1 was shown to affect localization and 
function of condensin (Peplowska et al., 2014). The presence of the Sgo1-Cse4 
interaction and the mitotic phenotypes associated with defects in these genes suggest that 
this interaction may have an important role in the appropriate geometry of condensin and 
cohesion that allows formation of correct kinetochore connection to segregate 
chromosomes in a timely manner. The existence of various Sgo1 recruitment pathways 
suggests that each pathway may have distinct roles in cohesion protection or 
establishment of proper chromatin structure or bi-orientation (Figure 3-12). We propose 
that different Sgo1 recruitment pathways act in parallel and different pools of Sgo1 might 
exist or are highly regulated in a manner that can that bind to various partners at different 
cell cycle contexts. Sgo1 may create a protein hub that ensures the timely localization 
and/or dissociation of its partners at centromeres and pericentromere regions. 
 In sum, our work indicates that Sgo1 interacts with Cse4 at multiple regions. 
These interactions of Sgo1 could be cell cycle regulated, due to presence of different 






understanding the regulatory mechanism of Sgo1 interactions at the centromere and 






Figure 3-12 Model of Sgo1 interactions and functions at the centromere region. 
Connecting lines represent protein-protein interactions; red line represents interaction 







CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS 
Kinetochore proteins have major roles in ensuring high fidelity segregation of 
sister chromatids. Cnn1 (yeast ortholog of CENP-T) and Cse4 (yeast ortholog of CENP-
A) are examples of such proteins involved in cell division. Many of the structural and 
functional features of both Cnn1 and Cse4 are widely conserved between species. As 
discussed in this dissertation, Cse4 and Cnn1 are components of inner kinetochore with 
similar motif organization and function in kinetochore assembly. While Cse4 is a 
centromere specific nucleosome protein, Cnn1 is predicted to form nucleosome-like 
particle as is suggested for CENP-T (Nishino et al., 2013; Nishino et al., 2012; Takeuchi 
et al., 2014). In Cse4, the HFD forms part of the nucleosome core and has a N-terminal 
tail extension that is accessible for interaction with other kinetochore components. 
Likewise, the HFD of Cnn1 is predicted to associate with the chromatin and it also has an 
N-terminal tail that interacts with another kinetochore component, the Ndc80 complex.  
The molecular framework and the emerging roles of Cnn1 have been 
characterized recently. In this study, we dissected the roles of Cnn1 domains in regulating 
its activity at the kinetochore. Several studies implicate that the HFD is important for 
function and interaction at the centromere.  The most direct evidence is provided by our 
work showing that Cnn1 HFD ensures yeast viability when the essential Mtw1 complex 






kinetochore function due to the presence of HFD, possibly via formation of nucleosome-
like particles. Further understanding the role of HFD in maintaining kinetochore integrity 
is an immediate goal for future studies. 
Besides the role of HFD, the N-terminal region of Cnn1CENP-T is essential in 
interaction with Ndc80 complex and this interaction is evolutionary conserved as shown 
by recent structural data for CENP-T and Cnn1 (Malvezzi et al., 2013; Nishino et al., 
2013). We demonstrate that Cnn1 fine-tunes kinetochore structure and function in a 
spatiotemporal manner. Although Cnn1 is recruited at the kinetochore through the cell 
cycle, Cnn1 becomes enriched at anaphase onset via its N-terminal tail motif interaction 
with the Ndc80 complex. Because of this abrupt enrichment of Cnn1, and ability to 
compete with the Dsn1 motif within the KMN complex, we propose that Cnn1 has a 
crucial role in regulating and maintaining the integrity of spindle attachments at anaphase. 
Several pieces of evidence suggest there is an architectural change in the kinetochore 
coincident with Cnn1’s anaphase enrichment. First, the structure of affinity-purified 
kinetochores examined by electron microscopy show flexibility and multiple attachment 
points between the kinetochore and microtubules including a long rod-shaped structure 
consistent with the Ndc80 crystal structure complex bound to the KMN complex (Gonen 
et al., 2012) and tension appears to stabilize this attachment (Akiyoshi et al., 2010). 
Second, high-resolution comparison of kinetochore component localizations in 
metaphase versus anaphase show that significant structural changes (Haase et al., 2013) 
including the rearrangement of the Spc24 C-terminus from 5 nm to 30 nm relative to the 
Cse4 N-terminus (Cieslinski and Ries, 2014). The increased distance of the Spc24 






rather than Dsn1 in pre-anaphase.  It is important to note that Cnn1 was not observed in 
the electron microscope structural studies and in fact was likely preferentially excluded 
because Dsn1 was used as the affinity handle to purify the near-whole kinetochore.  In 
addition, the high-resolution microscopy has not been used to examine Cnn1 localization 
relative to other kinetochore components. Investigating Cnn1 localization in the context 
of purified kinetochores or high-resolution microscopy will shed light on how the Ndc80-
Cnn1 interaction provides an interface to promote accurate kinetochore-microtubule 
attachment required for segregation.  There is a distinct lack of consideration of the 
Ndc80-Cnn1 interaction in current models investigating kinetochore-microtubule 
attachment, which is understandable because it is a more recently identified interaction. A 
recent FRET-based analysis of the Ndc80, Mtw1 and Dam1 provided considerable 
insight into the distribution and action of these complexes including a bending of the rod-
shaped Ndc80 complex at metaphase (Aravamudhan et al., 2014).  An examination of the 
relative role of Cnn1 in this context would further lead to insight into how the combined 
actions of these complexes lead to accurate chromosome bi-orientation and segregation. 
Another possible consequences of the interaction of Cnn1 with Ndc80 may include the 
modulation of the Ndc80 complex processivity along the microtubules. In addition, the 
abrupt enrichment of Cnn1, independent of its HFD also suggests a non-nucleosomal 
population, which needs to be investigated further. 
We have provided a first evidence of pre-anaphase Cnn1-Ndc80 linkages. 
Previous studies have indicated role of Cnn1 in kinetochore assembly both in yeast and 
humans (Gascoigne et al., 2011; Schleiffer et al., 2012). In addition, depleting CENP-T at 






including Ndc80 (Wood et al., 2016) supporting the notion that this interaction is 
necessary for kinetochore recruitment. Further evaluation of this linkage at pre-mitosis 
and during mitosis is needed to dissect their accurate roles. The identification of pre-
anaphase linkages of Cnn1 with Ndc80 also directly implies that two different 
populations of Ndc80 exist. Our studies have highlighted different parallels of Cnn1 
regulation in different systems and the outstanding questions discussed here provides an 
interesting area that needs to be addressed for the future.  
Cse4 is a part of the centromeric nucleosome and provides an epigenetic mark for 
kinetochore assembly. A recent study has indicated that Cse4 might have a role in tension 
sensing because Ipl1 mediated phosphorylation of Cse4 was shown to destabilize 
defective kinetochores (Boeckmann et al., 2013). The mechanism of how the phospho-
state of Cse4 promotes the establishment of bi-orientation is not known. An essential 
component of a quality control mechanism that regulates kinetochore-microtubule 
interaction is known as Sgo1. Sgo1 is a molecular adaptor for several proteins and is 
involved in tension-sensing and bi-orientation functions. For example, Sgo1 is known to 
maintain Ipl1 at tension-less kinetochores and has a role in recruiting condensin to the 
pericentromere, which biases sister kinetochores towards a conformation favoring bi-
oriented capture by microtubules (Verzijlbergen et al., 2014). The mechanism of how 
Sgo1 detects lack of tension and how this tension status signal is transmitted is a 
significant question that remains to be addressed in this field. Our initial Sgo1-Cse4 
interaction studies provide tantalizing clues to the mechanism and role of these proteins 






Recent studies have highlighted the function of Sgo1 in bi-orientation and tension 
sensing by examining its localization at the centromere region. Several factors play a role 
in recruitment of Sgo1 at the centromere region. The localization depends on a direct 
interaction with chromatin-associated proteins such as a histone H3 or a phosphorylated 
H2A (S121) (Kawashima et al., 2010; Luo et al., 2010). The mechanism of Sgo1 
recruitment at the core centromere, however has not been established firmly. Since H3 is 
replaced at the centromere with Cse4 in budding yeast, we hypothesized that Sgo1 is 
recruited at the centromere via association with the Cse4. Indeed, our work provided the 
first evidence of a direct molecular interaction between Sgo1 and Cse4. However, a direct 
measurement of Cse4-dependent Sgo1 localization at the centromere needs to be 
evaluated further. This mechanism can be elucidated using ChIP and high-resolution cell 
biology analyses including FRET, BiFC and super-resolution microcopy. 
Sgo1 localization at the centromere region is cell cycle regulated. At 
prometaphase, under lack of tension, Sgo1 is present at the centromere region but 
dissociates after tension is established (Kawashima et al., 2010; Marston, 2015; 
Nerusheva et al., 2014). This tension dependent disassociation of Sgo1 is not well 
understood. Is Sgo1 released after the SAC is satisfied? Although Sgo1 is a substrate of 
the APC, the delocalization of Sgo1 from the centromere region is not due to its 
degradation via APC mediated pathway (Eshleman and Morgan, 2014). In fact, once 
tension is generated, Sgo1 is no longer needed and dissociates from the centromere 
region. To support this, Eshleman and Morgan demonstrated that the Sgo1 without its 
degradation motif has a similar cell cycle localization profile similar to WT (Eshleman 






mechanism. The delocalization appears to be mediated via the phosphatase activity of 
Rts1 in silencing SAC and thus displacing Sgo1 (Eshleman and Morgan, 2014). However, 
a detailed mechanistic description of the manner of Sgo1 delocalization is still unclear. 
Therefore, investigating the Sgo1-Cse4 interaction is an important avenue for future 
studies that may shed light on the cell cycle dynamics. 
One of the outstanding questions arising from our study is the biological role of 
Cse4-Sgo1 interaction. Our study contributes to the understanding of the role of this 
interaction in the tension sensing function related to both Sgo1 and Cse4. Under lack of 
tension the Ipl1-mediated phospho-state of Cse4 is enriched at the centromere 
(Boeckmann et al., 2013). Likewise, the localization of Sgo1 at the centromere region 
depends on the lack of tension (Nerusheva et al., 2014). However, Sgo1 is known to 
interact with Ipl1 and maintain it at the pericentromere and ectopic tethering of Sgo1 will 
recruit Ipl1, condensin and Rts1 (Verzijlbergen et al., 2014).  Most studies proposing 
models for Sgo1 function describe the pericentromeric population but the function of the 
centromeric population has not been investigated. We propose that the role of Cse4 in 
promoting bi-orientation may involve Ipl1-mediated regulation of the Sgo1-Cse4 
interaction by recruiting Sgo1 at the centromere under lack of tension. Additional 
mutational and biochemical assays are needed to directly test the Cse4-Sgo1 association 
under tension and in an absence of tension and if Ipl1 can regulate this interaction.  
In sum, our work established insights into the interactions between inner and 
outer kinetochore components that are essential in regulating chromosome segregation. 
Future work should be directed towards understanding molecular mechanism of protein-






understand the phsyiological role of the evolutionary conserved kinetochore inteactions 
biology. Our findings will ultimate provide a platform for understanding the cell biology 
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